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Introduction 


The  major  impetus  for  research  on  the  effects  of  hypoxia  on 
vision  was  the  advent  of  aviation.  Balloonists  were  among  the 
first  to  discover  the  perils  of  hypoxia  and  some  did  not  live  to 

*  describe  them.  The  reports  of  those  who  did  survive  extreme 
hypoxia  provide  some  of  the  earliest  data  on  the  visual  effects 
associated  with  hypoxia  and  these  are  mentioned  in  this  review. 
These  incidents  have  been  described  more  extensively  by  McFarland 

o  (1932)  in  his  review  of  behavioral  and  physiological  effects  of 

hypoxia . 

Many  aviators  flying  at  high  altitudes  without  oxygen  observed 
a  general  darkening  of  vision  and  this  stimulated  the  extensive 
research  that  has  been  conducted  on  the  effects  of  hypoxia  on 
absolute  and  differential  visual  sensitivity  (McFarland  and  Evans, 
1939) .  Loss  of  ability  of  balloonists  and  pilots  to  focus  on  close 
instruments  led  to  research  on  the  effect  of  hypoxia  on  the  near 
points  of  accommodation  and  convergence  and  to  research  on  visual 
acuity  during  hypoxia  (McFarland,  1932) .  Prolonged  and  intense 
visual  afterimages  were  experienced  by  some  pilots  flying  at  high 
altitudes  and  this  led  to  research  on  the  effects  of  hypoxia  on 
afterimages  and  other  «ntoptic  phenomena  (McFarland,  1937b) . 

As  Bean  (1945)  pointed  out,  aviation  also  was  a  large  factor  in 
"restimulating"  research  on  the  effects  of  hvoeroxia.  i.e.,  higher- 
than-normal  oxygen  pressures.  Breathing  of  pure  oxygen  (or  at 
least  high  concentrations  of  oxygen)  solved  many  of  the  problems 
pilots  experienced  while  flying  at  high  altitudes.  However,  even 
when  pure  oxygen  is  breathed,  the  greatly  reduced  atmospheric 
pressure  at  altitudes  above  32,000  feet  still  results  in  oxygen 
tensions  lower  than  the  tension  of  oxygen  in  air  at  sea  level.  The 
pressurization  of  oxygen  breathed  through  masks  and,  later,  the 
pressurization  of  aircraft  cabins  prevented  hypoxia  during  flight 
at  these  higher  altitudes. 

This  provision  of  oxygen  to  aviators  routinely  led  to  breathing 

•  of  higher-than-normal  tensions  of  oxygen  at  lower  elevations.  This 
raised  many  questions  about  possible  problems  of  this  hyperoxia  for 
visual  performance.  It  also  raised  the  logical  question  of  whether 
or  not  there  would  be  benefits  to  vision  (and  to  other  types  of 
human  performance)  as  a  result  of  breathing  higher  than  normal 
levels  of  oxygen.  If  less  oxygen  than  normal  was  detrimental  to 
performance,  didn't  it  follow  that  more  oxygen  than  normal  would 
lead  to  better  performance?  These  questions  raised  by  the 
aviation-stimulated  practice  of  breathing  pure  ox, ^cn  led  to 
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another  body  of  research  on  the  effects  of  hyperoxia  on  vision  and 
on  other  aspects  of  human  performance. 

Hyperoxia  includes  the  breathing  of  oxygen  in  hyperbaric 
chambers  at  pressures  above  one  atmosphere  (including  pressures  of 
two,  three,  and  even  more  atmospheres).  At  these  higher  pressures, 
so  much  oxygen  is  dissolved  in  blood  plasma,  that  many  of  the 
metabolic  requirements  for  oxygen  in  the  body  are  met  with  this 
dissolved  oxygen  instead  of  the  normal  hemoglobin-attached  oxygen 
(e.g.,  Anderson,  1968)  and  this  overabundance  of  oxygen  has  many 
implications  for  clinical  treatment  of  circulation-related 
disorders  and  other  diseases  as  was  described  by  Gabb  and  Robin 
(1987).  Gabb  and  Robin  also  stressed  that  medical  use  of 
hyperbaric  oxygenation  has  not  been  and  is  not  being  adequately 
evaluated.  As  will  be  described  throughout  this  review  but 
particularly  in  Chapter  20:  "oxygen  toxicity,"  there  are  health 
problems  as  well  as  health  benefits  associated  with  exposure  to 
hyperbaric  oxygen. 

Changes  in  vision  may  be  experienced  with  oxygen  tensions  that 
are  only  slightly  below  normal  and  some  of  these  may  be  relevant  to 
aviator  performance,  especially  in  low  luminance  environments.  As 
mentioned,  humans  readily  can  tolerate  oxygen  pressures  that  are 
much  higher  than  those  encountered  at  sea  level.  However,  vision 
(including  absolute  and  contrast  sensitivity)  is  remarkably 
unchanged  for  a  range  of  oxygen  tensions  from  about  half  the  normal 
oxygen  tension,  through  the  f ive-times-normal  tension  that  occurs 
when  pure  oxygen  is  breathed  at  sea  level,  to  the  20-times-normal 
oxygen  tension  that  occurs  in  a  hyperbaric  chamber  where  pure 
oxygen  is  breathed  at  greater  than  three  atmospheres.  This  shows 
that  the  eye  and  body  are  remarkably  adept  at  extracting  and 
regulating  the  oxygen  in  a  huge  range  of  oxygen  mixtures.  Research 
on  these  regulatory  mechanisms  is  discussed  extensively  in  this 
review,  particularly  in  chapter  12:  "Ocular  vessel  and  blood  flow 
changes . " 


Organization  of  this  literature  review 

This  review  of  literature  is  organized  into  five  sections.  The 
first  section  deals  with  studies  of  the  effects  of  hypoxia  and 
hyperoxia  on  vision  and  includes  chapters  on  absolute  sensitivity 
and  dark  adaptation,  acuity  and  contrast  sensitivity,  depth 
perception  and  stereopsis,  critica]  flicker-fusion  frequency, 
visual  field  size,  color  vision,  afterimages  and  other  entoptic 
phenomena,  and  persistence  of  vision  following  retinal  ischemia. 

The  second  section  deals  with  studies  of  the  effects  of  hypoxia 
on  electrophysiological  and  neurophysiological  processes  associated 
with  and  underlying  vision.  It  includes  chapters  on  the 
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electroretinogram  and  standing  potential,  ganglion-cell  activity, 
and  the  visual  evoked  potential  and  EEG. 

The  third  section  deals  with  studies  of  the  striking  effects  of 
hypoxia  and  hyperoxia  on  the  ocular  vasculature  and  blood 
circulation.  The  section  also  includes  a  chapter  that  reviews 
studies  of  intraocular  pressure  changes  during  hypoxia  which  often 
mirror  general  shifts  in  blood  pressure  of  the  eye  and  body,  but 
which  also  reflect  changes  in  production  of  aqueous  humor  which  may 
be  influenced  by  hypoxia.  This  section  also  includes  a  chapter 
dealing  with  a  relatively  new  class  of  studies  which  have  used 
electrodes  sensitive  to  oxygen  to  determine  the  actual  tensions  of 
oxygen  in  different  parts  of  the  eye. 

The  fourth  section  deals  with  studies  of  the  effects  of  hypoxia 
and  hyperoxia  on  other  ocular  structures  and  behaviors  and  includes 
chapters  dealing  with  the  pupil,  accommodation  and  refraction, 
convergence  and  heterophoria,  reading  and  other  coordinated  eye 
movements,  the  cornea,  and  oxygen  toxicity. 

The  fifth  section  attempts  to  integrate  the  major  research 
results  reviewed  in  the  other  chapters.  It  also  summarizes 
research  needed  to  resolve  contradictory  results  or  research  needed 
to  test  hypotheses  that  arose  during  the  integration  of  existing 
research.  One  major  unresolved  paradox  is  that  reduced  oxygen 
saturation  appears  to  differ  in  its  effect  on  vision  and  other 
performances  if  the  drop  in  blood  oxygen  results  from  breathing  of 
carbon  monoxide  or  if  it  results  from  breathing  oxygen  at  low 
tensions  (Christensen  et  al.,  1977).  Research  is  needed  to 
identify  the  bases  for  these  differences.  The  striking 
interdependence  between  hypoxia  effects  on  vision,  ocular 
structures,  ocular  muscles,  visual  electrophysiology/neurophysio¬ 
logy,  and  actual  oxygen  levels  in  the  eye,  indicate  that  research 
on  the  effects  of  hypoxia  or  hyperoxia  should  include  dependent 
variables  from  several  of  these  different  classes. 


Existing  reviews  of  literature  in  these  areas 
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As  might  be  expected,  there  have  already  been  a  number  of 
reviews  of  literature  in  this  important  area  of  oxygen  and  vision. 
These  have  been  concentrated  on  the  effects  of  hypoxia  as  opposed 
to  hyperoxia,  even  as  the  bulk  of  research  has  dealt  with  hypoxia 
effects.  Sauer  (1924)  provided  a  review  of  data  on  hypoxia  and 
vision  with  the  bulk  of  the  article  dealing  with  results  of  Wilmer 
and  Berens  (1918)  plus  other  research  that  largely  replicated  the 
research  of  Wilmer  and  Berens.  McFarland,  Evans,  and  Halperin 
(1941)  provided  a  superb  review  of  early  research,  although  one 
suspects  from  brief  treatment  of  some  foreign  research,  such  as  the 
work  of  the  Japanese  researcher  Furuya,  that  some  of  the 
information  was  gleaned  from  brief  abstracts  in  German  journals. 
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Gellhom  and  Hailman  (1943)  covered  much  of  the  same  ground  as 
McFarland,  Evans,  and  Halperin  (1941)  and  discussed  other  senses  in 
addition  to  vision. 

Mercier  and  Duguet  provided  an  extensive  review  in  1947 
entitled  Phvsiopatholoqie  Oculaire  de  i'aviateur'  which  covered 
early  European  and  other  research  that  was  not  included  in  earlier 
reviews.  The  U.S.  Air  Force  provided  an  English  translation  of 
this  important  1947  report  (Mercier  and  Duguet,  1950) . 

Nicholls  (1950b)  prc”\ded  an  extensive  review  of  the  effects  of 
hypoxia  (also  fatigue)  on  convergence  and  heterophoria  in  the 
second  of  a  series  of  three  papers  on  the  relationship  of 
heterophoria  to  depth  perception  in  aviation  (Nicholls,  1950a; 
1950b;  1950c).  Bietti  (1953)  provided  a  brief  review  that  appeared 
to  be  comprehensive  for  a  large  body  of  Italian  research  on  the 
effects  of  hypoxia  on  vision  and  ocular  functions.  Van  Liere  and 
Stickney  (1963)  brought  the  McFarland,  Evans,  and  Halperin  (1941) 
review  up  to  date,  but  depended  strongly  on  McFarland,  Evans,  and 
Halperin  for  the  earlier  research.  A  general  review  of 
psychological  effects  of  hypoxia  by  Tune  (1964)  covered  research 
from  1950  to  1963  and  included  a  dozen  studies  dealing  with  vision 
and  more  than  half  of  these  dealt  with  effects  of  hypoxia  on  the 
critical  flicker-fusion  threshold.  Michael  (1973)  provided  a 
general  review  of  neurophysiological  effects  of  hypoxia,  but  only  a 
few  key  studies  in  the  area  of  vision  were  discussed  in  a  brief 
section.  Almost  without  exception,  studies  discussed  in  these 
earlier  reviews  are  also  covered  in  the  current  review  and, 
wherever  possible,  the  original  articles  were  obtained  and  read. 


Limitations  of  the  present  review 

Unfortunately,  resources  were  not  available  to  obtain  and/or 
translate  a  number  of  key  foreign  articles  and  secondary  sources 
and  English-language  abstracts  were  relied  on  to  provide  the 
findings  of  these  studies.  In  some  secondary  sources  there  was 
almost  no  discussion  of  methodology  in  the  original  studies  and 
even  these  sources  often  seemed  to  be  "tertiary"  sources  depending 
on  abstracts  and  other  secondary  sources.  The  extensive  work  of 
Furuya  (1936a;  1936b;  1937a;  1937b;  1937c;  1937d;  1937e)  is  in 
Japanese  and  covered  a  wide  range  of  vision  and  ocular  functions  as 
they  were  affected  by  hypoxia.  The  current  review  provides  all  of 
the  information  about  the  findings  of  Furuya  that  was  available  in 
secondary  sources,  but  often  these  provided  few  details.  His 
studies  of  the  pupil  (Furuya,  1936b)  and  muscle  balance  (Furuya, 
1937d)  received  almost  no  mention  by  previous  reviewers. 

Researchers  with  a  knowledge  of  Japanese  might  obtain  additional 
insights  about  hypoxia  effects  by  obtaining  these  articles  and 
providing  their  own  integration  of  his  results  with  other  research 
results  reviewed  in  this  report.  The  same  can  be  said  for  the 


extensive  research  of  Carapancea  and  his  associates  conducted  in 
the  1960s  and  1970s  which  dealt  with  effects  of  hypoxia  on  a  range 
of  visual  and  ocular  functions  including  intraocular  pressure, 
accommodation,  and  changes  in  the  chemical  and  ionic  content  of  the 
aqueous  humor.  This  Carapancea  research  is  largely  in  French  and 
Rumanian  although  a  few  English  articles  and  English  summaries  have 
allowed  some  discussion  of  these  results  in  the  present  review. 


Normal  oxygenation  of  the  eye 

Considering  its  weight,  neural  tissue  uses  a  disproportionate 
amount  of  the  oxygen  consumed  by  the  body  (Van  Liere  and  Stickney, 
1963) .  The  retina,  in  turn,  uses  a  disproportionate  share  of  the 
oxygen  consumed  by  neural  tissue  (Anderson,  1968).  It  is  thus  not 
surprising  that  a  shortage  of  oxygen  (hypoxia)  would  have 
deleterious  effects  on  visual  function.  Even  low  levels  of  hypoxia 
have  been  shown  to  reduce  absolute  sensitivity  to  light  (e.g., 
McFarland  and  Evans,  1939)  and  sensitivity  to  small  differences  in 
brightness  contrast  (e.g.,  McFarland,  Halperin,  and  Niven,  1944). 
However,  as  will  be  seen  throughout  this  review  of  literature, 
rather  substantial  reductions  of  oxygen  are  required  to  have  any 
major  impact  on  most  visual  performances  or  their  ocular  and  neural 
underpinnings.  A  total  loss  of  vision  as  a  result  of  hypoxia 
usually  precedes  unconsciousness,  but  typically  not  by  much 
(Ernsting,  1965). 

The  blood's  hemoglobin  transports  an  enormous  quantity  of 
oxygen  that  is  used  by  tissues  for  their  metabolism  (Anderson, 

1968) .  Oxygen  also  is  dissolved  in  blood  plasma,  but  at  normal 
atmospheric  pressure  such  dissolved  oxygen  occurs  only  in  small 
quantities  and  contributes  little  to  the  oxygen  requirements  of 
body  tissues.  However,  blood  plasma  can  carry  much  more  dissolved 
oxygen  if  the  gas  being  breathed  contains  a  high  percentage  of 
oxygen  and  it  is  breathed  under  pressure  (Anderson,  1968) .  For 
example,  at  2,000  mm  Hg  pressure,  pure  oxygen  goes  into  solution 
with  blood  plasma  in  sufficient  quantities  to  meet  the  body's 
metabolic  needs  without  any  contribution  of  oxygen  from  hemoglobin 
(Anderson,  1968) .  Such  hyperbaric  oxygenation  has  much  potential 
for  providing  oxygen  to  oxygen-starved  tissu'-  due  to  circulatory 
and  other  disorders.  It  also  contributes  to  the  healing  of  ulcers 
of  the  skin  that  resist  other  treatment.  Hyperbaric  oxygenation 
also  has  potential  for  damage  to  ocular  tissues,  however,  and  much 
evidence  of  this  toxic  potential  for  the  eye  will  be  included  in 
this  review  of  literature  (see  Chapter  20:  "Oxygen  toxicity"). 

The  retina  receives  oxygen  for  its  metabolic  needs  from  the 
retinal  vascular  system  which  supplies  the  inner  retina  (adjacent 
to  the  vitreous)  and  the  choroidal  vascular  system  which  supplies 
the  rods  and  cones  and  the  pigment  epithelium  of  the  outer  retina 


(Wolbarsht,  Stefansson,  and  Landers,  1987).  The  ciliary  vascular 
system  supplies  the  rest  of  the  eye's  blood  needs  (Kronfeld,  1969) . 

Oxygen  levels  within  the  eye  show  wide  variation  from  aqueous 
to  vitreous  and  within  the  vitreous  there  are  large  gradients  in 
oxygen  tension  as  the  retina  closely  is  approached  (with  oxygen- 
sensitive  electrodes)  which  reflect  the  large  consumption  of  oxygen 
by  retinal  elements.  Even  within  the  retina  there  are  oxygen 
gradients  and  Alder,  Cringle,  and  Constable  (1983)  reported  that 
the  lowest  oxygen  tension  was  at  the  inner  nuclear  layer  which 
reflects  both  the  high  oxygen  requirement  of  this  layer  and  the 
limit  of  oxygenation  via  choroidal  circulation  (See  Chapter  14: 
"Intraocular  oxygen") . 

This  oxygen  is  used  in  the  eye  to  prevent  depolarization  of 
neurons  (operate  the  Na/K  pump)  and  to  maintain  synaptic  integrity 
(Michael,  1973).  It  also  aerobically  powers  the  ciliary  and  iris 
muscles.  The  extraocular  muscles  also  require  oxygen  and 
decrements  in  convergence  amplitude  and  rapid  fatigue  of 
convergence  during  hypoxia  (e.g.,  Wilmer  and  Berens,  1918)  and 
fatigue-like  slowing  of  reading  movements  during  hypoxia  (Bietti 
and  Scano,  1946)  indicate  the  high  susceptibility  of  these 
extraocular  muscles  to  hypoxia.  On  the  other  hand,  oxygen  appears 
less  critical  for  the  photochemical  processes  of  the  receptors 
(Chase  and  Hagan,  1943;  Craik,  1940). 


Sources  of  hypoxia  in  natural  and  laboratory  settings 

A  given  level  of  hypoxic  hypoxia1  can  be  produced  by  actually 
ascending  to  a  specific  altitude,  by  lowering  the  atmospheric  prt 
sure  in  a  decompression  chamber  to  the  equivalent  atmospheric 
pressure  for  that  altitude,  or  by  increasing  the  nitrogen  content 
of  oxygen-nitrogen  mixtures  breathed  at  sea  (ground)  level  until 
the  oxygen  percentage  of  the  mixture  is  lowered  to  the  equivalent 
tension  provided  at  the  altitude.  For  example,  breathing  an  oxygen 
mixture  with  10  percent  oxygen  and  90  percent  nitrogen  is 
equivalent  to  breathing  air  at  approximately  20,000  feet.  In  their 
extensive  series  of  studies  of  hypoxia  and  vision,  Wilmer  and 
Berens  (1918)  used  both  a  decompression  chamber  and  low-oxygen 
mixtures  to  examine  hypoxia  effects  and  they  typically  found 
equivalent  results  on  vision  and  ocular  performance.  The  extensive 
series  of  studies  of  hypoxia  by  McFarland  and  his  associates  used 

1  Hypoxic  hypoxia  refers  to  reduction  of  oxygen  in  the 
blood  because  of  lack  of  oxygen  in  the  respiratory  mixture. 
Hypoxia  can  also  be  produced  when  oxygen  is  displaced  in  the 
blood  stream  by  carbon  monoxide  which  forms  carboxyhemoglobin 
(COHb)  instead  of  the  normal  oxyhemoglobin.  This  latter 
hypoxia  has  been  referred  to  as  hemic  hypoxia. 
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low-oxygen  hlgh-nitrogen  mixtures,  decompression  chambers,  and  some 
actual  ascents  to  high  altitudes.  Where  comparable  tasks  were 
presented  in  these  different  "equivalent"  hypoxic  settings,  the 
results  typically  were  similar. 

On  the  other  hand,  sources  of  hypoxia  may  not  be  as  equivalent 
as  McFarland  and  others  have  claimed.  For  example,  Newberry, 
Johnson,  and  Smiley  (1965)  studied  the  effects  of  hypoxic  hypoxia 
on  nystagmus  induced  by  angular  acceleration.  In  one  trial, 
hypoxia  was  produced  by  decompressing  the  subject  to  an  altitude  of 
20,000  feet.  In  another  trial,  hypoxia  was  produced  by  having  the 
subject  breathe  a  10  percent  oxygen/90  percent  nitrogen  mixture. 
Although  nearly  equivalent  oxygen  tensions  existed,  only  the 
decompression  treatment  produced  marked  changes  in  nystagmus.  As 
will  be  discussed  further  in  Chapter  18:  "Reading  and  other  eye 
movements,"  hyperventilation  associated  with  anxiety  during 
decompression  apparently  was  the  reason  for  the  large  changes  in 
nystagmus  found  in  the  study  of  Newberry,  Johnson,  and  Smiley  and 
hypoxia  by  itself  had  little  or  no  effect.  When  contradictions  are 
found  among  different  research  findings,  attention  should  be  given 
to  differences  between  research  studies  in  the  mode  for  producing 
hypoxia.  An  initial  attempt  at  this  has  occurred  in  some  portions 
of  this  review. 


Hypoxic  changes  in  alveolar  and  blood  C02 

This  review  includes  much  research  that  looked  at  effects  on 
vision  and  the  eye  of  low  levels  of  C02  (hypocapnia  or  acapnia)  and 
high  levels  of  C02  (hypercapnia) ,  as  well  as  research  on  hypoxia 
and  hyperoxia.  Many  researchers  found  that  hypoxia  caused 
hyperventilation  in  their  subjects  (e.g.,  Frayser  et  al.,  1971; 
Livingston,  1944a;  Ernest  and  Krill,  1971).  Hyperventilation 
produces  a  rapid  drop  in  the  level  of  C02  in  the  blood.  This 
hypocapnia  has  large  effects  on  many  of  the  same  visual  processes 
(e.g.,  Alpem  and  Hendley,  1952)  and  ocular  processes  (e.g.,  Kielar 
et  al.,  1977)  that  have  been  of  major  interest  to  researchers 
looking  at  effects  of  hypoxia.  As  will  be  seen  throughout  almost 
every  chapter  of  this  report,  these  concomitant  drops  in  arterial 
oxygen  and  arterial  C02  often  complicate  the  results  of  much 
research  on  hypoxia.2 


2  Hyperventilation  also  boosts  arterial  oxygen  because  of 
the  increased  oxygen  entering  the  lungs.  This  typically  does 
not  totally  counter  the  drop  in  oxygen  associated  with  the  low 
oxygen  tension  of  the  gas  being  breathed,  but  it  does  account 
for  large  individual  differences  that  have  been  found  in  blood 
saturation  for  a  given  oxygen  tension  (Ernest  and  Krill  1971) , 
and  this  can  make  a  major  difference  in  performance  when 
critical  low  levels  of  oxygen  are  breathed  (Lassen  et  al.,  1937). 
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Absolute  sensitivity  and  dark  adaptation 

More  research  on  the  effects  of  hypoxia  and  hyperoxia  on  vision 
has  dealt  with  these  topics  of  absolute  sensitivity  and  dark 
adaptation  than  any  other  visual  processes  and  it  is  no  coincidence 
that  this  first  chapter  is  the  longest  in  the  review.  This  focus 
of  research  interest  probably  reflects  the  fact  that  there  is  a 
larger  effect  of  hypoxia  on  absolute  sensitivity  and  on  the  time 
course  of  the  changes  in  sensitivity  of  the  eye  as  it  adapts  to 
darkness  than  on  most  other  visual  performances.  As  will  be  seen 
in  the  next  few  chapters,  when  other  visual  processes  such  as 
visual  acuity  are  affected  by  low  oxygen  levels,  these  hypoxia 
effects  typically  are  found  to  be  large  only  when  the  limits  of 
visual  sensitivity  are  approached.  Later  chapters  will  describe 
research  indicating  the  eye  actually  uses  more  oxygen  at  low  levels 
of  retinal  illumination  than  when  illumination  is  high  (e.g., 
Stefansson,  Wolbarsht,  and  Landers,  1983b;  Linsenmeier,  1986)  and 
this  would  appear  to  explain  why  hypoxic  decrements  are  most 
apparent  in  visual  tasks  with  low  retinal  illumination. 


Hypoxia  and  sensitivity 

Numerous  observers  and  investigators  have  reported  a 
substantial  reduction  in  the  brightness  of  lights  and  objects 
during  the  onset  of  hypoxia  and  a  corresponding  noticeable 
brightening  of  these  lights  and  objects  when  air  or  higher  oxygen 
tensions  are  breathed  following  hypoxia.  These  observations 
undoubtedly  were  a  key  factor  in  the  initiation  of  scientific 
investigations  of  visual  sensitivity  changes  during  hypoxia.  An 
example  of  these  was  provided  by  Schroeder  (1918)  who  discussed 
changes  in  brightness  and  loudness  of  stimuli  when  he  set  an 
altitude  record  of  28,900  feet.  McFarland  (1932)  quoted  Schroeder: 

"When  I  reached  25,000  I  noticed  the  sun  growing  dim.  I 
could  hardly  hear  my  motor  run  and  I  got  very  hungry.  The 
trend  of  my  thought  was  that  it  must  be  getting  late  for 
the  sun  was  getting  so  dim  and  I  went  on  talking  to  myself. 

I  then  turned  on  the  oxygen  and  the  sun  grew  bright  again, 
the  motor  became  so  loud  that  I  thought  something  must  be 
wrong  with  it.  I  was  no  longer  hungry  and  I  felt  like 
singing  from  sheer  joy." 
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McFarland  and  Evans  (1939)  reported  that  such  darkening  of  the 
visual  field  was  a  frequent  observation  of  pilots  flying  without 
oxygen  at  18,000  feet  and  above.  They  also  described  their  own 
experiences  of  a  dimming  of  the  visual  field  when  introduced 
suddenly  to  low  oxygen  mixtures  simulating  12,000  to  14,000  feet 
and  the  "marked  increase  in  the  brightness  of  lights  on  being 
quickly  changed  back  to  room  air,"  According  to  McFarland  and 
Halperin  (1940),  Goldmann  and  Schubert  (1933)  also  reported 
brightening  of  the  visual  field  following  exposure  to  oxygen  after 
having  been  in  a  hypoxic  state.  Scano,  Bietti,  and  Schupfer  (1947) 
reported  that  nearly  all  of  their  subjects  had  a  "fueling  of 
darkening  of  the  room"  during  hypoxia.  More  recently.  Smith, 
Ernest,  and  Pokomy  (1976)  studied  the  effect  of  hypoxia  on  color 
vision  and  they  found  all  subjects  who  performed  in  the 
experimental  10  percent  oxygen  condition  first  and  control 
condition  (normal  air)  later,  reported  the  color  chips  appeared 
lighter  in  the  control  condition. 

Whiteside  (1957)  stressed  that  some  observers  do  not  experience 
this  phenomenon  of  a  darkening  of  the  visual  environment  during 
hypoxia  and,  even  for  this  nonscientif ic  observation  of  dimming, 
the  large  individual  differences  in  the  effects  of  hypoxia  on 
vision  are  encountered.  These  individual  differences  in  hypoxia 
effects  will  recur  throughout  this  review.  Several  studies  have 
found  the  pupil  to  constrict  with  hypoxia  (e.g,  ZQst,  1940) ,  and 
rapid  hypoxic  constrictions  of  the  pupil  might  explain  part  or  all 
of  the  noticeable  drops  in  perceived  brightness  during  hypoxia  and 
rapid  pupil  dilation  might  explain  the  sudden  brightening  upon 
return  to  breathing  of  higher  oxygen  tensions.  Research  also  has 
shown  large  individual  differences  in  hypoxic  response  of  the 
pupil,  including  constrictions  for  some  subjects  and  dilations  for 
others  (e.g.,  Duguet  and  Mercier,  1951).  These  individual 
differences  in  pupillary  response  to  hypoxia  might  account  for  the 
fact  that  not  all  persons  experiencing  hypoxia  "feel  the  darkening 
cf  the  room."  However,  this  is  not  to  imply  that  pupil  changes  are 
the  basis  of  the  perceived  illumination  phenomena  (and  retinal 
sensitivity  changes  are  not) ,  especially  given  that  no  area  of 
research  on  hypoxia  has  shown  more  contradictory  results  than  the 
hypoxia-pupil  research  (see  Chapter  15:  "The  pupil"). 

In  perhaps  the  earliest  experiments  investigating  the  effects 
of  hypoxia  on  visual  sensitivity,  Wilmer  and  Berens  (1918)  required 
subjects  to  adjust  a  neutral  density  wedge  held  before  their  eye 
until  a  tiny  3-mm  diameter  spot  of  white  light  20  feet  away  became 
too  dim  to  see.  The  procedure  was  repeated  for  monochromatic  red 
and  green  lights.  These  measures  were  made  at  sea  level  and  again 
with  reduced  oxygen  tensions  using  the  Henderson  rebreathing  device 
which  reduced  oxygen  tensions  from  the  21  percent  at  sea  level  to 
10  percent  or  less  in  around  20  minutes  (McFarland,  1932).  Carbon 
dioxide  in  this  "rebreathed"  air  was  removed  by  having  the  air  pass 
over  a  CO2 -absorber  such  as  sodium  hydroxide. 
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Wilmer  and  Berens  found  the  threshold  for  seeing  the  distant 
light  was  not  changed  reliably  by  hypoxia  when  the  target  was  a 
white  light.  One-fourth  of  the  subjects  were  as  apt  to  see  it  with 
more  filtering,  30  percent  saw  it  with  less  filtering,  and  nearly 
half  saw  it  at  the  same  intensity  as  while  breathing  air.  For  some 
unexplained  reason,  hypoxia  did  decrease  the  visibility  of  monochr¬ 
omatic  red  and  green  lights.  For  both  red  and  green,  71.4  percent 
of  subjects  showed  a  decrement  in  sensitivity  with  the  remainder 
showing  no  change  or  a  gain  in  sensitivity.  Wilmer  and  Berens  also 
discussed  "former  tests  with  a  blue  light,  which  was  not  absolutely 
monochromatic"  which  showed  an  improvement  of  sensitivity  under 
hypoxia  in  66.6  percent  of  subjects  tested  and  a  falling  off  in 
33.4  percent.  Unfortunately,  the  numbers  of  subjects  for  these 
particular  tests  were  not  provided  and  the  statistical  significance 
of  these  differences  in  percentages  cannot  be  determined. 

According  to  McFarland,  Evans,  and  Halperin  (1941) ,  Tanaka  and 
Sekiguchi  (1935)  exposed  12  normal  subjects  to  low  pressure  and 
tested  their  visual  sensitivity  with  a  Nagel  adaptometer.  They 
reported  a  decrease  in  "dark  adaptability"  (presumably,  absolute 
sensitivity)  with  decompression  which  was  proportional  to  altitude. 
This  decrease  was  counteracted  by  administration  of  oxygen.  They 
also  found  prolonged  exposure  to  a  pressure  corresponding  to  that 
at  3,000  meters  caused  the  sensitivity  to  return  toward  normal. 
However,  increased  exposure  to  an  oxygen  tension  corresponding  to 
4,000  meters  produced  further  deterioration  of  sensitivity  rather 
than  adaptation. 

Fischer  and  Jongbloed  (1935),  according  to  McFarland,  Evans, 
and  Halperin  (1941),  studied  dark  adaptation  of  two  subjects  in  a 
low-pressure  chamber.  They  measured  the  time  in  darkness  following 
exposure  to  a  bright  adapting  light  before  a  dim  light  could  be 
seen.  This  was  done  repeatedly  as  a  series  of  increasing  intensity 
filters  were  placed  before  the  eye.  They  did  not  measure  the  final 
threshold.  On  the  basis  of  their  criteria,  they  reported  a  slight 
delay  in  time  before  the  dim  light  was  visible  compared  to  sea 
level  at  3,000  meters  and  a  marked  delay  at  6,000  meters.  Accord¬ 
ing  to  McFarland,  Evans,  and  Halperin,  they  erroneously  interpreted 
the  change  as  "...  the  physiological  expression  of  interference 
with  the  regeneration  of  the  photosensitive  substance  of  the 
retina."  Studies  from  other  laboratories  have  shown  hypoxia  does 
not  interfere  strongly  with  photochemistry  (e.g.,  Chase  and  Hagan, 
1943)  and  that  the  effect  of  hypoxia  on  dark  adaptation  observed  by 
Fischer  and  Jongbloed  (1935)  lies  elsewhere,  presumably,  in  neural 
processes. 

One  of  these  studies  that  countered  Fischer  and  Jongbloed 
(1935)  was  carried  out  by  Bunge  (1936).  According  to  McFarland, 
Evans,  and  Halperin  (1941),  Bunge  administered  oxygen  mixtures  of  8 
to  11  percent  oxygen  to  7  subjects  with  "an  artificial  respiration 
apparatus."  Dark  adaptation  was  measured  "with  the  Engelking- 
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Hartung  instrument."  Bunge  made  the  critical  finding  that  after 
complete  dark  adaptation  in  normal  air,  exposure  to  a  low-oxygen 
mixture  made  the  retina  less  sensitive.  As  McFarland,  Evans,  and 
Halperin  (1941)  described:  "Since  this  change  took  place  in  a  dark- 
adapted  subject,  destruction  of  visual  pigments,  or  a  delay  in 
their  regeneration  could  hardly  have  been  involved.  Moreover, 
administration  of  oxygen  resulted  in  a  return  of  retinal  sen¬ 
sitivity  at  a  rate  which  was  more  rapid  than  could  be  accounted  for 
by  regeneration  of  the  visual  purple." 

Other  evidence  against  a  photochemical  basis  of  hypoxic 
reductions  in  sensitivity  came  from  Wischnewsky  and  Zirlin  (1935).1 
According  to  McFarland,  Evans,  and  Halperin  (1941),  Wischnewsky  and 
Zirlin  found  that  a  lowered  atmospheric  pressure  produced  a 
decrease  in  both  the  light  sensitivity  and  the  electrical  ex¬ 
citability  of  the  eye,  although  no  details  of  oxygen  tensions  or 
testing  procedures  were  provided  in  the  secondary  source,  wischne¬ 
wsky  and  Zirlin  concluded  that  since  electrical  stimulation  does 
not  involve  the  photochemical  system,  hypoxia  had  its  primary 
effect  on  the  neural  tissue  of  the  visual  mechanism. 

McFarland  and  Edwards  (1937)  measured  visual  sensitivity  during 
a  round-trip  airplane  journey  from  California  to  the  Philippines. 
They  used  a  neutral  density  wedge  and  had  subjects  alter  the 
density  of  the  filter  as  they  viewed  a  "test  object"  which  probably 
was  a  small  distant  light  like  that  used  in  a  similar  procedure  by 
Wilmer  and  Berens  (1918).  On  alternate  trials,  the  wedge  density 
wa  increased  until  the  object  disappeared  and  decreased  until  it 
appeared.  It  was  not  clear  whether  these  adjustments  were  made  by 
the  subject  himself,  as  occurred  in  the  research  of  Wilmer  and 
Berens,  or  whether  the  experimenter  made  the  adjustments.  McFar¬ 
land  and  Edwards  (1937)  found  a  significant  loss  of  retinal 
sensitivity  at  10,000  and  12,000  feet  compared  to  later  readings 
made  at  sea  level.  Unfortunately,  no  sea  level  readings  were 
reported  that  preceded  the  readings  at  altitude  and  it  is  possible 
that  some  or  all  of  this  improvement  reflected  practice  effects  and 
not  the  change  from  low  oxygen  to  normal  oxygen. 

According  to  McFarland,  Evans,  and  Halperin  (1941),  Clamann 
(1938)  concluded  an  extraretinal  process  was  Involved  in  dark 
adaptation,  since  his  studies  on  three  subjects  indicated  monocular 
thresholds  were  affected  differently  by  hypoxia  than  binocular 
thresholds.  According  to  Rose  (1950b),  the  effect  was  a  change 
with  hypoxia  in  the  difference  between  the  binocular  and  monocular 
thresholds.  As  Rose  stated,  "To  determine  whether  oxygen  deficien¬ 
cy  has  a  retinal  or  extraretinal  effect,  the  sensitivity  was  deter- 


1  McFarland,  Evans,  and  Halperin  (1941)  provided  a  differ¬ 
ent  spelling  of  Wischnewsky  and  Zirlin,  namely,  Vishnevskiy  and 
Tsyrlin. 
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mined  for  one  eye  and  for  two  by  the  Engeiking-Hartung  adaptometer. 
Clamann  found  the  sensitivity  at  an  altitude  of  4,000  meters 
(13,100  feet)  to  be  diminished  by  a  factor  of  10.  At  that  altitude 
there  was  still  a  difference  between  the  monocular  and  binocular 
thresholds  which  became  greater  when  oxygen  was  given.  The  extra- 
retinal  system  apparently  recovered  more  quickly  than  did  the 
retinal  when  oxygen  was  given  after  the  low-pressure  test." 

Although  the  Clamann  article  was  not  translated,  the  article 
was  obtained  and  examination  of  the  figures  indicated  that,  during 
hypoxia,  late  stages  of  monocular  dark  adaptation  proceeded  more 
slowly  than  late  stages  of  binocular  dark  adaption.  Oxygen  also 
produced  a  faster  recovery  of  sensitivity  for  binocular  viewing 
than  it  produced  for  monocular  v '  vng.  One  of  three  subjects 
actually  showed  a  slight  drop  in  -xuocular  sensitivity  following 
several  minutes  of  oxygen  breathing  after  hypoxia,  while  his 
monocular  sensitivity  continued  to  increase. 

Although  central  factors  were  implicated  by  Clamann  as  the 
basis  for  the  monocular-binocular  difference  during  hypoxia,  and 
although  no  challenge  to  this  was  provided  by  McFarland,  Halperin, 
and  Evans  (1941)  or  Rose  (1950b),  it  appears  to  the  current 
reviewer  that  this  difference  could  have  been  caused  by  accurate 
convergence  in  the  binocular  condition  with  this  accurate  conver¬ 
gence  causing  more  accurate  accommodation  and  sharper  focus  of  the 
image  of  the  target  light.  If,  as  some  evidence  indicates,  hypoxia 
alters  accommodation  or  by  some  other  means  changes  the  refractive 
state  of  the  eye  (see  Chapter  16:  "Accommodation,  myopia,  and  the 
crystalline  lens"),  the  improved  focus  associated  with  convergence 
during  binocular  vision  might  make  the  binocular  visual  system 
appear  even  more  sensitive  than  the  monocular  visual  system  during 
hypoxia  than  during  "normoxia." 

Other  early  evidence  for  hypoxic  effects  on  oculomotor  function 
that  might  have  influenced  measurements  of  sensitivity  during 
hypoxia  came  from  research  on  absolute  sensitivity  by  Schmidt 
(1939).  According  to  Schmidt  (1950),  Schmidt  (1939)  studied  red 
and  green  thresholds  under  low  oxygen  tension.  Normal  trichromats 
showed  an  increase  in  the  red  threshold  above  13 , 000  feet  but  no 
change  in  the  green  threshold.  This  differential  sensitivity  for 
widely  separated  wavelengths  suggests  chromatic  aberration  of  the 
eye  may  have  been  a  factor  in  this  result,  in  combination  with  a 
hypoxic  reduction  in  the  distance  of  the  far  point,  such  as  that 
reported  by  Ohlbaum  (1969).  This  explanation  (of  the  current 
reviewer)  would  hold  if  Schmidt's  targets  were  fairly  distant  (no 
target  distance  was  mentioned  in  the  1950  Schmidt  article)  and  a 
myopic  shift  made  the  red  targets  blurry  without  cubstantially 
altering  focus  for  the  optically  closer  green  targets. 

It  is  interesting  that  Kobrick  et  al.  (1984)  also  found  a 
differential  effect  of  hypoxia  on  sensitivity  for  red  and  green 
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targets  presented  at  threshold  durations.  However,  unlike  Schmidt 
(1939),  Kobrick  found  green  light  sensitivity  was  affected  by 
hypoxia,  but  red  light  sensitivity  was  not.  Kobrick  et  al.  used 
relatively  close  targets  (57.6  cm) .  The  frequently  reported  loss 
of  accommodative  power  with  hypoxia  (e.g.,  Ohlbaum,  H69)2  may  have 
prevented  accurate  focus  for  the  optically  close  green  without 
causing  problems  for  the  more  "distant"  red. 

In  a  landmark  English-language  study  of  hypoxia  and  absolute 
sensitivity,  McFarland  and  Evans  (1939)  studied  alterations  in  dark 
adaptation  under  reduced  oxygen  tensions.  They  measured  both  the 
rate  of  dark  adaptation  and  final  levels  of  sensitivity.  The 
subjects  were  20  graduate  students  (18  males  and  2  females) .  One 
was  42  years  old  and  the  others  ranged  in  age  from  20  to  30-  All 
were  free  of  organic  disease  and  of  ocular  defects  other  than 
correctable  refractive  errors.  After  a  period  of  dark  adaptation, 
subjects  were  light  adapted  by  viewing  a  100-ml  white  screen  for  3 
minutes.  Immediately  following  this,  two  70-minute  diameter 
circles  were  brightened  until  visible  and  the  subjects  reported 
this  and  fixated  the  upper  of  the  two.  A  somewhat  dimmer  70-minute 
diameter  circle  to  the  lower  right  of  the  fixation  circle  also  was 
brightened  and  the  subjects  reported  when  it  first  became  visible 
and  this  threshold  intensity  was  recorded.  Following  this,  the 
illumination  of  fixation  and  target  circles  was  dropped  to  z.ero  and 
the  process  repeated.  The  time  to  increase  of  the  illumination  of 
the  sensitivity  target  was  varied  from  3  to  10  seconds  to  prevent 
temporal  cues  from  influencing  reports  of  stimulus  visibility. 

The  tests  were  carried  out  in  an  oxygen  chamber  and  oxygen 
levels  were  lowered  by  admitting  nitrogen.  Two  hours  of  practice 
on  the  task  was  given  prior  to  the  series  of  control  and  experimen¬ 
tal  tests  and  this  led  to  highly  consistent  results  for  each 
subject.  Two  20-minute  control  series  of  adaptation  measurements 
were  given  in  air  followed  by  20-minute  tests  at  15.7  percent 
oxygen  (7,400  feet),  13.7  percent  oxygen  (11,000  feet),  and  11.7 
percent  oxygen  (15,075  feet) .  Total  time  at  each  altitude  was 
approximately  35  minutes.  The  total  time  for  the  series  of 
adaptation  trials  was  about  3  hours.  After  the  final  15,075-foot 
series,  100  percent  oxygen  was  administered  and  thresholds  were 
measured  every  30  seconds  thereafter  until  a  constant  threshold  was 
reached.  The  chamber  then  was  returned  to  normal  air  and,  after  a 
15-minute  rest,  ar-->ther  adaptation  series  occurred  for  each 
subject. 

McFarland  and  Evans  (1979)  found  thresholds  were  elevated  by  an 
average  of  0.103  log  uniJrs  at  7,400  feet,  0.224  log  units  at  11,000 
feet,  and  0.397  log  units  at  15,075  feet.  Although  a  larger 


2  Ohlbaum  (1969)  found  an  increase  in  myopia  and  a  reces¬ 
sion  of  the  near  point  during  hypoxia  in  the  same  subjects. 
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elevation  of  threshold  occurred  for  rods,  the  effect  also  appeared 
for  the  cone  segment  of  the  adaptation  curve.  The  typical  cone-rod 
break  in  this  curve  occurred  at  the  same  point  in  time  following 
the  start  of  dark  adaptation,  regardless  of  the  oxygen  tension. 

Pure  oxygen  administered  at  the  end  of  the  test  at  the  15,075-ft 
"altitude"  restored  adaptation  to  levels  measured  in  air.  Recovery 
occurred  within  5  minutes  and  typically  within  2  or  3  minutes.  The 
final  adaptation  series  in  air  provided  sensitivity  levels  that 
corresponded  closely  to  the  initial  two  series  in  air  that  preceded 
testing  at  altitudes.  Individual  differences  were  large,  but 
consistent  over  the  three  elevations,  with  correlations  of  0.76 
between  sea  level/altitude  differences  for  altitudes  I  and  II,  0.71 
between  sea  level/altitude  differences  for  altitudes  I  and  III,  and 
0.88  between  sea  level/altitude  differences  for  altitudes  II  and 
III. 


One  cannot  find  much  fault  with  this  methodology  which  provided 
some  of  the  most  reliable  data  on  the  effects  of  hypoxia  on 
absolute  sensitivity  that  have  ever  been  gathered.  However,  a  few 
problems  did  exist.  Ho  artificial  pupil  was  used  and  at  least  some 
researchers  have  found  reliable  pupil  changes  with  hypoxia  (See 
Chapter  15:  "The  pupil") .  Another  problem  that  existed  was  that 
(contrary  to  claims  by  the  authors)  changing  the  rate  of  increase 
in  target  illumination  must  have  influenced  rheostat  settings  since 
response  times  of  subjects  would  have  averaged  a  relative  constant 
and  faster  movement  of  the  rheostat  would  have  led  to  higher  levels 
of  illumination,  simply  because  the  rheostat  was  turned  farther 
during  faster  changes.  Any  increase  with  hypoxia  on  time  for 
subjects  to  report  when  the  target  reached  threshold  also  would 
have  added  a  constant  illumination  increase  to  the  recorded 
threshold  and  this  would  have  exaggerated  hypoxia  effects  since 
only  ascending  luminance  levels  were  included. 

Finally,  no  attempt  was  made  to  account  for  the  large  in¬ 
dividual  differences  in  threshold  elevations  as  a  result  of 
hypoxia.  These  varied  from  0.126  log  units  to  0.618  log  units  for 
the  15,075-foot  "altitude"  (above  thresholds  measured  at  sea 
level) .  Correlations  between  sea  level  data  and  altitude  data  were 
not  reported,  but  these  might  have  provided  insight  into  the  bases 
of  these  individual  differences,  since  subjects  with  poor  sea  level 
performance  might  be  predicted  to  have  poorer  performance  at 
altitude.  These  large  individual  differences  in  visual  sensitivity 
during  hypoxia  remain  an  important  research  question  (see  chapter 
21:  "Summary  and  integration  of  needed  research") . 

McDonald  and  Adler  (1939)  studied  the  effects  of  hypoxia  on  the 
dark  adaptation  of  a  normal  subject  and  of  the  same  subject  after  a 
diet  that  made  him  deficient  in  Vitamin  A.  They  used  only  one 
healthy  well-trained  observer.  Measurementu  of  adaptation  were 
made  with  the  adaptometer  of  Hecht  and  Shlaer  (1938)  and  their 
recommended  procedures.  The  subject  breathed  a  mixture  of  air  and 
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nitrogen  with  approximately  10.4  percent  oxygen  for  from  15  to  20 
minutes  after  which  there  was  a  return  to  air  breathing.  Both  rods 
and  cones  showed  a  decrease  in  sensitivity  of  0.4  log  units  a3  a 
result  of  hypoxia.  Full  dark  adaptation  preceded  hypoxia  on  many 
trials.  Despite  this,  observations  made  immediately  following  the 
onset  of  reduced  oxygen  tension  often  showed  an  unexplained 
increase  in  sensitivity  prior  to  the  eventual  0.4  log  unit  reduc¬ 
tion  in  sensitivity. 3  Vitamin-A  deficiency  produced  a  reduction  in 
sensitivity  with  rods  showing  a  decrement  of  about  0.8  log  units 
and  with  cones  showing  a  decrement  in  sensitivity  of  about  0.3  log 
units. 

McFarland  and  Forbes  (1940)  extended  the  research  of  McFarland 
and  Evans  (1939)  on  hypoxia  effects  on  absolute  sensitivity  and 
also  determined  the  effects  of  hypoglycemia.  The  subjects  were  15 
normal  fasting  subjects  varying  in  age  from  25  to  37.  The  visual 
stimulus  consisted  of  a  circle  three  degrees  in  diameter  located 
seven  degrees  to  the  left  of  a  fixation  point.  The  stimulus  was 
viewed  with  the  right  eye.  Light  adaptation  was  produced  by  a 

1.500  ml  field  which  was  viewed  for  3  minutes.  After  this,  the 
dark  field  with  its  fixation  point  was  viewed  and  the  test  stimulus 
was  raised  in  intensity  until  reported  visible. 

Intensity  thresholds  were  determined  approximately  every  2 
minutes.  Chamber  characteristics  and  oxygen  conditions  were 
similar  to  those  for  McFarland  and  Evans  (1939) .  Oxygen  levels 
were  13.4,  11.5,  and  10.1  percent  corresponding  to  altitudes  of 
11,500,  15,400,  and  18,500  feet,  respectively.  One  subject  was 
tested  with  7.3  percent  oxygen.  Some  adaptation  series  were 
followed  by  ingestion  of  70  to  80  gm  of  glucose.  Some  adaptation 
series  were  preceded  by  5  to  8  units  of  insulin  and  followed  by 
inhalation  of  100  percent  oxygen  and  ingestion  of  70  to  80  gm  of 
glucose.  An  artificial  pupil  was  used  for  some  series  of  adapta¬ 
tion  trials. 

Thresholds  were  elevated  by  an  average  of  0.26  log  units  at 

11.500  feet,  0.42  log  units  at  15,400  feet,  and  0.63  log  units  at 

18.500  feet.  Although  larger  for  rods,  the  effect  also  appeared 
for  cones  and  the  typical  cone-rod  break  in  the  adaptation  curve 
occurred  at  the  same  point  following  the  beginning  of  dark  adapta¬ 
tion,  indicating  no  change  in  the  time  course  of  adaptation  under 
hypoxia.  When  pure  oxygen  was  administered  at  the  end  of  the 


i 


3  Use  of  an  artificial  pupil  was  not  always  recommended  by 
Hecht  and  Shlaer  (1938)  and  it  was  not  stated  whether  an 
artificial  pupil  was  used  by  McDonald  and  Adler  (1939) .  If 
not,  an  initial  pupil  dilation  may  have  produced  this  height¬ 
ened  sensitivity.  Another  possibility  is  hypoxia-induced 
hyperventilation  and  the  resultant  hypocapnia  which  increases 
absolute  sensitivity  (e.g.,  Axpern  and  Hendley,  1952). 
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altitude  trial,  visual  sensitivity  was  quickly  restored  to  levels 
in  air  and  sometimes  to  slightly  more  sensitive  levels  than  those 
measured  in  air. 

Visual  sensitivity  was  shown  to  gradually  decrease  as  totally 
adapted  subjects  were  subjected  to  gradual  .rsductions  of  oxygen 
concentration  from  13  to  10  percent.  Sensitivity  changes  averaged 
0.41  log  units  for  5  subjects  who  went  to  10.2  percent  from  12.6 
percent  oxygen  and  was  0.54  log  units  for  i  subject  who  went  to  7.3 
percent  from  12.3  percent  oxygen.  This  was  claimed  by  McFarland 
and  Forbes  (1940)  to  correspond  to  a  five-fold  and  eight-fold 
increase,  respectively,  when  intensity  was  measured  in  absolute 
rather  than  log  units.  However,  my  calculations  indicate  this 
corresponds  to  factors  of  2.6  and  3.5,  respectively.  McFarland  and 
Forbes  (1940)  may  have  been  describing  increases  from  sea  level 
thresholds,  but  even  these  (0.56  log  units  and  0.79  log  units)  did 
not  reach  the  five-fold  and  eight-fold  levels  they  indicated. 

Administration  of  glucose  in  these  low-oxygen  conditions 
typically  restored  sensitivity  almost  to  levels  in  air  in  these 
subjects  who  had  fasted  prior  to  testing.  Sensitivity  was  found  to 
decrease  when  hypoglycemia  was  induced  by  administration  of 
insulin.  Administration  of  oxygen  then  would  increase  sensitivity 
as  long  as  the  administration  of  oxygen  continued.  When  alveolar 
oxygen  levels  were  below  normal  and  blood  sugar  was  not  elevated, 
sensitivity  was  directly  related  to  the  product  of  alveolar  oxygen 
tension  and  the  concentration  of  blood  sugar  with  the  correlation 
being  -0.96.  The  effect  of  eating  breakfast  was  to  increase  final 
sensitivity  by  0.3  log  units  when  testing  occurred  in  normal  air. 

McFarland  and  Forbes  (1940)  claim  the  combination  of  insulin- 
induced  hypoglycemia  and  low  oxygen  produced  a  greater  decrement  in 
visual  sensitivity  than  hypoglycemia  or  low  oxygen  separately. 

This  may  have  been  true,  but  none  of  the  experiments  reported  in 
their  study  provided  truly  comparable  separate  and  combined 
conditions  of  hypoxia  and  hypoglycemia. 

Wald  et  al.  (1942)  assessed  the  effects  of  hypoxia  on  visual 
sensitivity  and  also  looked  at  the  effects  of  hypocapnia  induced  by 
hyperventilation  and  hypercapnia  induced  by  breathing  CC>2  mixtures. 
Their  study  included  an  enormous  range  of  conditions  and  provided  a 
wealth  of  data.  Subjects  were  six  or  more  individuals  who  were 
highly  trained  on  the  adaptometer  used  to  measure  sensitivity  and 
who  also  were  "comfortable"  with  the  hypoxic  conditions.  These 
subjects  were  first  dark  adapted  and  then  exposed  to  sudden  changes 
in  oxygen  tension  (low  oxygen  mixed  with  nitrogen) .  Sensitivity 
was  determined  for  a  1-degree  or  2-degree  diameter  circular  test 
field  presented  13  or  10  degrees,  respectively,  below  a  red 
fixation  star.  This  test  field  was  exposed  to  the  subject  for  0.02 
second  with  the  shutter  controlled  by  the  subject.  Test  field 
intensity  was  controlled  with  a  pair  of  circular  neutral-density 


wedges,  with  adjustments  (probably)  made  by  the  experimenter. 
Monocular  observation  was  used  and  either  a  1.6-  or  2-mm  artificial 
pupil  usually  was  presented  in  the  spectacle  plane.  Oxygen  and 
other  gas  mixtures  were  breathed  through  a  mouthpiece  and  all 
expired  gases  escaped  into  the  room.  Oxygen  mixtures  from  20.9 
percent  to  8.0  percent  were  used.  In  some  experiments,  the  normal 
respiration  rate  was  doubled.  C02  was  added  to  various  gas 
mixtures  in  other  experiments  to  test  the  effects  of  hypercapnia  on 
visual  sensitivity. 

Sudden  extreme  reductions  of  ox/gen  tension  produced  rises  in 
the  threshold  of  these  dark-adapted  subjects  that  ranged  from  0.2 
to  0.5  log  unit  within  1  to  10  minutes  of  exposure  to  the  low- 
oxygen  mixture.  The  average  decrease  in  sensitivity  for  6  subjects 
exposed  to  air-nitrogen  mixtures  containing  8  to  10  percent  oxygen 
was  0.35  log  unit.  The  threshold  typically  returned  to  normal 
within  a  few  minutes  of  return  to  room  air.  Some  of  these  exper¬ 
iments  showed  brief  wide  fluctuations  in  this  threshold  after 
introduction  of  the  low-oxygen  mixture  with  thresholds  increasing 
(sensitivity  decreasing)  as  much  as  0.7  to  1.0  log  unit  above 
thresholds  in  normal  air. 

One  subject  in  these  experiments  involving  rapid  shifts  in 
oxygen  tension  showed  a  remarkable  increase  in  sensitivity  upon 
return  to  room  air  in  four  of  seven  experiments.  This  was  a  0.6- 
log-unit  improvement  over  the  subject's  level  of  sensitivity  in 
room  air  prior  to  hypoxia.  This  '’hypersensitivity"  lasted  for 
about  5  minutes  and  then  returned  to  normal  in  the  one  experiment 
for  which  data  were  presented  graphically.  This  subject  typically 
also  experienced  "vivid  visual  hallucinations"  during  this  period 
of  hypersensitivity.  It  may  be  no  coincidence  that  no  artificial 
pupil  was  used  in  the  single  experiment  of  the  four  showing  this 
hypersensitivity  in  which  results  were  presented  graphically.  The 
report  does  not  discuss  whether  this  hypersensitivity  ever  was 
displayed  with  an  artificial  pupil,  nor  was  there  discussion  of 
whether  any  of  this  series  of  seven  experiments  used  an  artificial 
pupil. 

One  subject  showed  a  paradoxical  increase  in  sensitivity  after 
a  shift  from  breathing  air  to  breathing  reduced  oxygen  (11  per¬ 
cent)  .  This  was  followed  by  a  decrease  in  sensitivity  well  below 
his  normal  air  sensitivity  upon  return  to  normal  air.  This 
paradoxical  increase  in  sensitivity  with  hypoxia  and  decrease  upon 
return  to  normal  oxygen  appeared  in  two  of  three  experiments 
conducted  with  this  subject.  No  artificial  pupil  was  used  in  the 
graphically  displayed  results  of  one  of  these  experiments  and  it 
was  not  stated  whether  the  same  natural-pupil  condition  held  for 
the  other  two. 

Despite  providing  cues  in  the  study  that  some  of  the  anomalous 
responses  may  have  been  related  to  pupil  size  changes,  this  was  not 
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the  explanation  given  by  Wald  et  al.  (1942) .  Instead,  individual 
differences  in  rate  of  respiration  were  seen  as  the  basis  for  these 
individual  differences,  since  they  disappeared  in  later  experiments 
where  subjects  breathed  at  a  constant  rate  set  by  a  metronome. 
However,  even  if  respiration  differences  were  the  basis  of  these 
changes  they  could  have  been  mediated  by  pupil  changes. 

Wald  et  al.  (1942)  also  carried  out  experiments  where  there  was 
a  gradual  reduction  of  oxygen  over  long  periods  (5  to  6  hours). 

They  found  that  thresholds  first  rose  slowly  until  an  oxygen 
percentage  of  14  percent  was  reached,  then  rose  more  sharply  as  the 
oxygen  percentage  dropped  to  11  percent.  Subjects  often  became  ill 
or  were  unable  to  perform  for  other  reasons  at  lower  oxygen 
percentages  in  these  long-duration  exposures.  Thresholds  returned 
to  normal  within  5  to  6  minutes  when  subjects  were  reexposed  to 
air.  Wald  et  al.  (1942)  also  found  that  hypoxia  of  several  hours 
did  not  change  thresholds  from  thresholds  determined  with  much 
shorter  periods  of  hypoxia. 

When  the  respiration  rate  was  controlled  with  a  metronome  and  a 
twice  than  normal  rate  was  used,  thresholds  were  reduced  sharply 
(sensitivity  increased) ,  even  when  breathing  room  air.  Thresholds 
returned  to  normal  within  2  to  3  minutes  when  breathing  rates 
returned  to  normal .  When  higher-than-normal  oxygen  concentrations 
(32  to  36  percent)  were  firrt  breathed  at  a  normal  rate,  then  at  a 
double-normal  rate,  this  improvement  in  thresholds  with  hyperven¬ 
tilation  still  was  noted.  This  showed  the  result  was  not  the 
result  of  the  increased  oxygenation  of  the  blood  that  results  from 
hyperventilation.  What  is  more,  this  breathing  rate  improvement  in 
sensitivity  could  be  completely  abolished  by  adding  2  percent  C02 
to  the  32  to  36  percent  mixture.  This  indicated  the  improvement 
with  increased  respiration  was  a  result  of  reduced  C02  levels 
(hypocapnia)  produced  by  hyperventilation.  This  was  confirmed  when 
raising  the  C02  level  to  five  percent  in  gas  mixtures  actually  in¬ 
creased  thresholds  by  0.2  to  0.5  log  units  at  both  normal  and 
doubled  rates  of  respiration. 

Hyperventilation  while  breathing  a  10  percent  oxygen  mixture 
delayed  the  drop  in  visual  sensitivity  and  also  prevented  some  of 
the  typical  reactions  to  10  percent  oxygen  such  as  "subjective 
light,"  difficulty  in  concentrating,  lassitude,  etc.  Somewhat 
surprisingly,  adding  5  percent  C02  to  10  percent  oxygen  did  not 
alter  thresholds  from  those  obtained  when  breathing  this  oxygen 
mixture  with  almost  no  C02  included  in  the  mixture.  Five  percent 
C02  had  reduced  sharply  sensitivity  for  normal  and  above  normal 
oxygen  tensions.  Five  percent  C02  did  make  it  difficult  for 
subjects  to  alter  their  respiration  rate,  however.  They  typically 
could  not  keep  their  breathing  rate  as  slow  as  the  metronome  pace 
for  the  slow  breathing  condition  (actually  the  normal  respiration 
rate  in  air) .  They  also  were  unable  to  complete  the  experiments 
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when  this  gas  mixture  was  breathed  rapidly,  although  no  description 
of  the  specific  problem (s)  which  caused  them  to  quit  was  mentioned. 

In  summary,  the  series  of  experiments  by  Wald  et  al.  (1942) 
provided  more  data  for  different  respiratory  conditions  than 
probably  all  of  the  previous  research  on  absolute  sensitivity 
combined.  Unfortunately,  many  of  the  observations  reflect  small 
numbers  of  subjects  and  some  of  the  most  interesting  changes  were 
for  single  subjects.  The  rather  remarkable  hypersensitivities, 
plus  the  paradoxical  increases  and  decreases  in  sensitivity 
following  decreases  and  increases,  respectively,  in  the  oxygen 
content  of  respiratory  gases,  all  indicated  absolute  sensitivity  is 
higi  ly  variable  for  single  subjects  as  well  as  between  subjects. 
Additional  research  might  disclose  that  pupil  changes  or  refractive 
changes  (perhaps  mediated  by  hypocapnia  instead  of  hypoxia)  account 
for  some  of  these  surprising  effects. 

At  least  two  authors  (Whiteside,  1957;  Emsting,  1965)  provided 
data  that  apparently  were  collected  by  Goldie  in  1942,  although  no 
original  Goldie  reference  was  provided  and  details  were  sketchy. 
Apparently  airborne  observers  were  flown  by  Goldie  to  various 
altitudes  while  breathing  air  or  while  breathing  oxygen  and  the 
ranges  at  which  they  could  detect  targets  in  conditions  of  darkness 
were  determined  as  a  function  of  altitude  < nd  the  resultant 
hypoxia.  It  was  not  clear  whether  these  w  re  ground  or  air 
targets.  According  to  Whiteside,  ’’the  absolute  threshold  deterior¬ 
ated  even  at  the  low  altitude  of  4,000  feet."  Whiteside  presented 
Goldie's  results  which  were  "expressed  in  terms  of  reduction  in 
pick-up  ranges." 


Table  I  (from  Whiteside,  1957) 


Altitude  in  feet  Average  %  decrease  in 

range  of  night  vision 
if  oxygen  is  not  used. 


4,000 

5 

6,000 

10 

8,000 

15 

10,000 

20 

12,000 

25 

15 

16,000 

40 

This  percentage  reduction  in  "pick-up  ranges"  was  relative  to 
performance  while  breathing  oxygen  at  these  altitudes.  The  shift 
from  linearity  in  these  results  at  14,000  feet  was  not  discussed  in 
either  of  the  sources  presenting  these  same  results. 
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The  form  of  these  results  and  the  10  percent  jump  from  12,000 
to  14,000  feet  make  one  somewhat  skeptical  about  their  validity. 

On  the  other  hand,  the  data  apparently  show  effects  of  hypoxia  on 
an  operational  task  of  aviators  that  could  produce  large  perfor¬ 
mance  differences  in  combat  settings.  This  field  research  on 
hypoxia  was  unique  and  perhaps  deserving  of  replication  and 
emulation. 

Chase  and  Hagan  (1943)  showed  the  photochemical  bleaching  of 
visual  purple  and  the  thermal  reactions  that  follow  such  bleaching  , 

occurred  with  little  or  no  modification  in  the  absence  of  oxygen. 

They  do  not  discount  the  possibility  that  hypoxia  effects  on 
sensitivity  might  reflect  hypoxic  effects  on  the  regeneration  of 
visual  purple,  however,  contrary  to  what  McFarland,  Halperin,  and 
Evans  (1941)  reported  when  they  discussed  this  research. 

Hecht  et  al.  (1946)  assessed  the  effects  of  hypoxia  on  bright¬ 
ness  discrimination  and  also  dark  adaptation.  Subjects  for  the 
contrast  discrimination  experiment  were  seven  men  and  one  women. 

One  man  (S.H.)  was  51  and  the  others  ranged  between  17  and  25 
years.  These  brightness  discrimination  results  are  described  in 
the  next  chapter  on  contrast  sensitivity.  Subjects  for  the  dark 
adaptation  thresholds  were  one  man  and  one  woman  from  the  earlier 
younger  group  of  subjects.  To  measure  absolute  thresholds,  a 
circular  3-degree  field  was  observed  seven  degrees  nasally  with  one 
eye.  Seven  oxygen  levels  in  addition  to  normal  air  were  used: 

16.4,  14.9,  13.2,  12.2,  11.1,  10.6,  and  9.4  percent. 

Absolute  thresholds  were  increased  significantly  as  a  result  of 
low-oxygen  levels.  For  both  rods  and  cones,  a  0.5  log  unit 
increase  in  the  test  spot  luminance  was  required  for  detection  when 
the  oxygen  percentage  was  9.4  compared  to  test  spot  luminance  with 
21  percent  oxygen  (normal  air) .  These  absolute  threshold  eleva¬ 
tions  while  breathing  low  oxygen  corresponded  closely  to  similar 
data  obtained  by  McFarland  and  Evans  (1939)  and  Wald  et  al.  (1942). 

On  the  other  hand,  for  both  subjects,  rod  sensitivity  actually 
improved  when  oxygen  levels  dropped  to  11.1  from  12.2  percent  with 
a  subsequent  resumption  of  the  drop  in  sensitivity  as  oxygen  was 
further  decreased  to  10.6  percent  and  (for  one  of  the  two  subjects) 

.to  9,4  percent.  A  similar  improvement  for  contrast  discrimination 
was  found  at  low  background  intensities  for  this  11.1  to  12.2 
percent  change  in  oxygen  tension.  This  improvement  in  sensitivity 
going  to  11.1  from  11.1  percent  oxygen  may  reflect  a  hypoxic  change 
in  some  ocular  process  such  as  accommodation  which  improved  focus 
of  the  sensitivity  targets.  No  mention  of  an  artificial  pupil  was 
made  by  the  authors  and  it  also  is  possible  that  pupil  dilation 
occurred  at  this  severe  hypoxic  level  boosting  effective  retinal  » 

illumination.  A  pupil  dilation  was  observed  in  cats  when  hypoxia 
reached  severe  levels  by  Sohmer,  Freeman,  and  Malachi  (1986),  and 
this  probably  was  the  basis  for  a  heightened  visual  evoked  response 
compared  to  that  occurring  with  less  severe  hypoxia. 
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Sheard  (1946)  assessed  the  effects  of  air  and  oxygen  breathing 
on  cone  and  rod  thresholds  at  various  altitudes,  with  and  without 
increased  intrapulmonary  pressure.  He  first  tested  the  absolute 
sensitivity  of  several  subjects  at  altitude  without  increased 
intrapulmonary  pressure.  Four  of  these  same  subjects  later 
participated  in  tests  with  increased  intrapulmonary  pressure.  Dark 
adaptation  was  measured  in  a  decompression  chamber  with  the 
fixation  stimulus  and  test  stimulus  presented  in  the  chamber  window 
one  meter  from  the  subject.  One-half  degree  diameter  light  stimuli 
were  presented  either  1  degree  (cone  tests)  or  10  or  15  degrees 
(rod  tests)  from  the  fixation  light.  Cone  and  rod  adaptation 
thresholds  were  measured  at  altitudes  of  sea  level,  5,000,  10,000, 
and  15,000  feet  while  subjects  breathed  air  and  while  breathing 
oxygen.  Other  data  collection  occurred  after  dark  adaptation. 

These  were  measures  of  the  effects  of  different  altitudes  and 
different  intrapulmonary  pressures  while  breathing  oxygen. 

Altitudes  of  sea  level,  15,000,  37,500,  40,000,  42,000,  and  43,000 
feet  were  tested  in  these  investigations. 

At  15,000  feet,  oxygen  breathing  improved  cone  sensitivity  over 
an  air-breathing  condition  by  0.31  log  units  and  improved  rod 
sensitivity  by  0.62  log  units.  Breathing  of  pure  oxygen  at  37,500 
feet  and  above,  without  increased  intrapulmonary  pressure,  produced 
lower  sensitivity  for  cones  (1-degree  stimulus)  relative  to 
conditions  where  the  intrapulmonary  pressure  was  increased. 
Thresholds  were  0.5  or  more  log  units  lower  when  intrapulmonary 
pressures  of  7.5  to  15  mm  Hg  were  exerted.  At  15,000  feet  and 
below,  pure  oxygen  produced  maximum  sensitivity  and  there  was  no 
increase  in  sensitivity  as  a  result  of  increasing  intrapulmonary 
pressure . 

At  the  higher  altitudes,  an  intrapulmonary  pressure  of  7.5  mm 
Hg  typically  produced  the  same  maximum  sensitivity  as  a  pressure  of 
15  mm  Hg.  The  greatest  changes  with  increased  intrapulmonary 
pressures  occurred  fcr  rod  thresholds  and  this  paralleled  the 
larger  hypoxic  effects  on  rod  thresholds  Sheard  (1946)  found  with 
air  breathing  at  15,000  feet.  The  study  gave  insufficient  discus¬ 
sion  of  the  large  individual  differences  observed.  For  example, 
Sheard  predicted  a  correlation  between  differences  in  thresholds 
between  air  and  oxygen  breathing  at  15,000  feet  and  differences  in 
thresholds  between  nonpressurized  and  pressurized  oxygen  breathing 
at  higher  elevations.  However,  there  was  no  subsequent  discussion 
in  the  report  of  whether  or  not  this  predicted  correlation  actually 
was  found. 

Giardini  (1948)  used  the  Engelking-Hartung  adaptometer  and 
compared  visual  sensitivity  for  oxygen  tensions  corresponding  to 
altitudes  of  3,900,  4,900,  and  5,900  meters  with  sea  level  sen¬ 
sitivity.  These  comparisons  were  made  both  with  and  without 
alcohol  consumption.  According  to  their  English  summary,  alcohol 
caused  fluctuations  in  final  sensitivity.  Hypoxia  reduced  sen- 
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sitivity  with  the  effect  'directly  related  to  altitude,  but  there 
apparently  was  no  further  reduction  when  alcohol  was  administered. 
The  figures  in  their  Italian-language  report,  indicated  the  effect 
on  sensitivity  of  13  percent  oxygen  appeared  to  be  minimal. 

However,  an  oxygen  percentage  of  11.4  produced  a  drop  in  sen¬ 
sitivity  of  about  0.25  log  unit.  Surprisingly,  10  percent  oxygen 
appeared  tc  have  a  slightly  smaller  effect  on  final  sensitivity 
producing  decrements  of  about  0.21  log  units.  However,  there  may 
have  been  only  a  single  subject  tested  at  each  of  these  different 
oxygen  tensions. 

Postemak  (1948a)  reported  that  visual  thresholds  were  lowered, 
i.e.,  sensitivity  increased,  as  a  result  of  a  10-day  stay  at  an 
altitude  of  3,450  meters  on  the  mountain  Jungfraujoch.  Initial 
testing  of  absolute  sensitivity  at  altitude  did  not  differ  from 
testing  at  550  meters.  However,  absolute  sensitivity  increased 
almost  linearly  on  successive  tests  at  altitude  and  the  average 
absolute  threshold  on  the  tenth  day  (sixth  test)  was  approximately 
0.3  log  units  lower  than  on  the  initial  test  at  altitude  or  the 
prealtitude  testing  at  S50  meters.  Subsequent  testing  at  550 
meters  2  days  after  returning  from  altitude  showed  a  slight 
decrease  in  sensitivity.  Although  the  altitude  of  3,450  meters  is 
certainly  well  below  th«j  6,000  meters  that  typically  produces  large 
reductions  in  visual  sensitivity,  it  is  not  clear  why  sensitivity 
increased  as  a  result  of  stay  at  this  moderate  altitude  over 
prealtitude  testing  and  postaltitude  testing. 

Rose  (1949)  found  results  that  were  opposite  to  those  reported 
by  Postemak  (1948a).  He  studied  the  effects  of  decompression  in  a 
chamber  to  10,000  feet  on  night  vision  and  the  effect  of  a  2-week 
stay  at  an  actual  altitude  of  10,000  feet  on  night  vision.  He  used 
about  10  subjects  for  various  sensitivity  and  muscle-balance 
measures.  No  discussion  of  subject  characteristics  was  given. 
Measures  were  made  of  dark  adaptation,  "twilight  acuity,"  phoria, 
abduction,  and  adduction  at  near  sea  level  and  then  repeatedly 
during  a  nearly  2-week  stay  at  10,000  feet.  Following  the  stay  at 
elevation,  additional  measures  were  made  in  a  decompression  chamber 
and  in  normal  air  at  near  sea  level. 

A  significant  reduction  in  sensitivity  from  ground-level 
sensitivity  was  found  by  Rose  (1949)  in  decompression  chamber  tests 
carried  out  at  an  "altitude"  equivalent  to  10,000  feet.  However, 
on  the  first  testing  at  an  actual  10,000-feet  elevation,  visual 
thresholds  measured  during  and  following  dark  adaptation  were  not 
different  from  baseline  measures  at  ground  level.  Testing  at 
altitude  occurred  1  day  after  arrival  and  it  is  possible  that 
several  hours  of  adaptation  to  this  altitude  prior  to  testing 
accounted  for  the  failure  to  find  reductions  in  sensitivity  at  an 
actual  10, 000-foot  altitude. 


Rose  (1949)  did  find  some  reduction  in  sensitivity  over  the 
extended  stay  at  altitude  suggesting  a  cumulative  effect  of 
hypoxia.  The  contrast  with  Postemak's  (1948a)  improvement  in 
sensitivity  over  a  stay  at  a  similar  altitude  was  striking.  It  is 
tempting  to  speculate  that  the  distance  of  sensitivity  targets  for 
the  two  studies  differed  and  that  some  change  in  refraction  of  the 
eye  produced  by  extended  stay  at  altitude  improved  focus  and 
sensitivity  for  Postemak  and  decreased  focus  and  sensitivity  for 
Rose. 

Alpem  and  Hendley  (1952)  studied  the  effects  of  metabolically- 
induced  blood  pH  changes  and  respiration-induced  blood  pH  and  blood 
C02  changes  on  visual  sensitivity  and  critical  flicker  frequency.4 
Subjects  were  up  to  28  normal  young  adults  for  various  conditions 
of  the  study.  Visual  thresholds  after  30  minutes  of  dark  adapta¬ 
tion  were  measured  with  a  Hecht-Shlaer  adaptometer.  Metabolic 
acidosis  was  produced  by  oral  administration  of  ammonium  chloride 
and  the  resultant  pH  change  was  -0.10.  Metabolic  alkalosis  was 
produced  by  oral  administration  of  sodium  bicarbonate  and  the 
resultant  pH  change  was  4-0.10.  Hypercapnia  (respiratory  acidosis) 
was  produced  by  having  the  subject  breathe  a  mixture  of  7  percent 
C02  and  93  percent  02  and  the  resultant  pH  change  was  -0,12. 
Hypocapnia  (respiratory  alkalosis)  was  produced  by  having  the 
subject  hyperventilate  voluntarily  and  the  resultant  dH  change  was 
+0.18. 

Hypercapnia  significantly  impaired  sensitivity.  Rod  thresholds 
were  raised  by  an  average  of  0.23  log  units  and  this  corresponded 
to  the  results  of  Wald  et  al.  (1942)  for  a  similar  condition.  It 
is  significant  that  this  sensitivity  reduction  occurred  despite  the 
high  oxygen  content  of  the  C02**oxygen  mixture.  Hypocapnia  sig¬ 
nificantly  improved  sensitivity,  lowering  rod  thresholds  by  an 
average  of  0.16  log  units  and  this  too  was  consistent  with  Wald  et 
al.  (1942).  Metabolic  acidosis  and  alkalosis  did  not  significantly 
change  thresholds,  although  for  alkalosis  the  effect  was  to 
increase  the  threshold  (+0.01  log  units  for  metabolic  acidosis,  and 
+0.10  log  units  for  metabolic  alkalosis).  The  implication  was  that 
it  was  C02  levels  and  not  pH  levels  of  the  blood  that  altered 
vision.  A  substantially  higher  blood  pH  was  produced  by  hyperven¬ 
tilation  than  by  sodium  bicarbonate,  however,  and  this  may  be  part 
of  the  reason  that  hypocapnia  had  a  greater  effect  than  metabolic 
alkalosis. 

McFarland  and  Fisher  (1955)  noted  some  similarities  between 
changes  in  dark  adaptation  as  a  function  of  hypoxia  and  changes  in 
dark  adaptation  as  a  function  of  age.  Both  reduced  final  absolute 
sensitivity  and  sensitivity  levels  during  dark  adaptation.  Despite 


4  Critical  flicker  frequency  results  generally  paralleled 
sensitivity  results  and  are  discussed  in  a  later  chapter. 


these  changes  in  sensitivity,  the  cone-rod  "break"  in  the  adapta¬ 
tion  curve  was  not  displaced  earlier  or  later  in  time  for  different 
age  groups.  The  same  absence  of  change  in  timing  of  this  cone-rod 
break  occurred  during  sensitivity  changes  with  hypoxia  (e.g., 
McFarland  and  Evans,  1939) . 

Miller  (1956)  studied  the  effect  of  acetazolamide  on  the  dark 
adaptation  function  in  6  patients  with  glaucoma  who  ranged  from  42 
to  80  years  old.  A  Goldmann-Weekers  adaptometer  was  used  and 
testing  occurred  prior  to  the  start  of  acetazolamide  treatment  and 
on  a  weekly  or  biweekly  basis  following  this  treatment.  The 
changes  noted  were  reductions  in  thresholds  (increases  in  sen¬ 
sitivity)  .  However,  these  were  discussed  as  being  practice  effects 
occurring  on  the  first  few  tests  after  pretreatment  testing.  On 
the  other  hand,  this  could  have  reflected  improved  performance  as  a 
result  of  acetazolamide. 

Given  the  potent  effects  of  acetazolamide  on  the  standing 
potential  of  the  eye  (Yonemura  and  Kawasake,  1979)  and  the  in¬ 
traocular  pressure  (e.g.,  Bietti,  1972),  and  given  the  possible 
parallel  effects  of  acetazolamide  and  hypoxia  on  visual  field  size 
(Kobrick,  1970), 5  it  would  appear  that  research  is  needed  on  the 
effects  of  acetazolamide  on  dark  adaptation  and  final  sensitivity 
of  normal  eyes  with  subjects  who  are  highly  practiced  on  the  dark 
adaptometer  and  with  placebo  treatments  counterbalanced  with 
acetazolamide  over  trials  to  separate  drug  and  practice  effects. 

The  parallels  between  many  acetazolamide  effects  and  hypoxia 
effects  could  make  such  research  highly  relevant  for  our  under¬ 
standing  of  the  mechanisms  underlying  hypoxic  decrements  in  visual 
sensitivity. 

Pierson  (1967)  examined  mild  hypoxia  effects  (8,000  and  9,300 
feet)  and  effects  of  pure  oxygen  on  absolute  visual  sensitivity  and 
on  reading  performance  measured  by  the  "USAF  Hypoxia  Demonstration 
Chart."  Subjects  were  10  males  with  20/20  uncorrected  acuity  whose 
average  age  was  28.3.  The  "adaptometer"  in  the  study  was  a  light 
source  viewed  by  a  group  of  subjects  and  "not  all  subjects  were 
equidistant  from  the  target  in  the  brightness  threshold  tests." 
Ground-level  testing  preceded  "altitude"  testing  which  again  was 
followed  by  another  ground-level  test  in  a  repeated-measures 
design.  Chamber  air  and  pure  oxygen  were  counterbalanced  across 
the  first  two  sessions.  Thirty  minutes  of  dark  adaptation  occurred 
prior  to  visual  sensitivity  testing. 

According  to  Pierson,  there  were  no  effects  of  altitude  or  100 
percent  oxygen  on  either  the  reading  test  or  on  the  test  of  visual 
sensitivity  and  no  effects  of  wearing  an  Oro-Hasal  mask  in  the 
ambient  air  condition  compared  to  not  wearing  the  mask.  However, 


5  These  studies  are  described  in  detail  in  following  chapters. 
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there  were  substantial  differences  in  the  reported  averages  for 
these  different  conditions  with  altitude  reducing  sensitivity  and 
with  the  mask  reducing  sensitivity.  The  standard  deviations  pre¬ 
sented  in  the  table  would  indicate  these  differences  to  be  highly 
significant.  However,  standard  deviations  described  in  the  report 
were  smaller  by  a  factor  of  100  and  probably  the  Table  I  standard 
deviations  were  reported  incorrectly.  The  questions  about  statis¬ 
tical  significance  and  the  rather  crude  test  of  visual  sensitivity 
make  the  results  of  this  study  somewhat  in  doubt. 

Pretorius  (1970)  measured  dark  adaptation  and  final  sensitivity 
levels  at  an  actual  altitude  of  5,000  feet  while  breathing  air  and 
while  breathing  100  percent  oxygen.  Subjects  were  n100  healthy 
young  men  with  an  average  age  of  19.5  years."  A  Goldmann-Weekers 
adapt ome ter  was  used  with  all  subjects  first  tested  in  air  and  then 
the  test  was  repeated  at  least  24  hours  later  while  the  subject 
breathed  oxygen  through  an  Oro-Nasal  mask.  A  25.9  percent  improve¬ 
ment  in  sensitivity  occurred  in  the  second  session  with  oxygen 
compared  to  the  first  session  with  air.  The  largest  improvement 
occurred  at  scotopic  levels  late  in  the  session.  About  6.5  percent 
of  this  improvement  may  have  been  a  practice  effect,  given  the 
results  for  two  identical  air-breathing  sessions  of  another  10 
subjects.  For  these  "control"  subjects  the  improvement  early  in 
the  session  (after  about  6  minutes  of  adaptation)  was  greater  than 
for  the  subjects  tested  with  pure  oxygen  at  their  second  session. 

There  were  a  number  of  problems  with  the  research.  There  was 
no  discussion  of  how  long  subjects  were  at  5,000  feet  above  sea 
level  before  they  were  tested.  There  was  the  failure  to  counter¬ 
balance  air  and  oxygen  sessions.  It  was  not  clear  from  the  report, 
but  apparently  the  mask  was  only  used  tor  breathing  of  100  percent 
oxygen  and  not  for  air  breathing.  Hyperventilation  has  been 
reported  during  mask  breathing  by  Ernest  and  Krill  (1971)  and  a 
possible  resultant  hypocapnia  may  have  accounted  for  the  improve¬ 
ment  during  oxygen  breathing  and  not  the  oxygen  itself.  Alpern  and 
Hendley  (1952)  found  a  0.16  log  increase  in  sensitivity  following 
hyperventilation  and  this  was  considerably  larger  than  the  25,9 
percent  improvement  (in  actual  rather  than  log  units)  found  by 
Pretorius  (1970) . 

Ernest  and  Krill  (1971)  measured  visual  sensitivity  changes 
under  hypoxia  while  providing  the  important  control  of  maintaining 
constant  hemoglobin  oxygen  saturations.  Three  subjects  were  used 
who  ranged  in  age  from  24  to  34.  They  were  tested  in  four  dif¬ 
ferent  experiments  over  a  period  of  9  months.  A  modified  Goldmann- 
Weekers  adaptometer  was  used  with  a  20-minute  diameter  red  fixation 
light  and  five  test  targets  subtending  arcs  of  12  minutes,  30 
minutes,  1  degree,  3  degrees,  and  5  degrees.  Targets  were  presen¬ 
ted  in  the  nasal  field  at  a  horizontal  distance  of  5  and  45  degrees 
from  fixation.  Test  lights  were  either  white,  yellow,  red,  or 
blue.  Subjects  breathed  a  mixture  of  90  percent  nitrogen  and  10 


29 


percent  oxygen  through  a  nasal  mask  during  hypoxic  conditions. 

Pupil  size  was  observed  or  photographed  using  infrared  light  and  it 
was  concluded  hypoxia  did  not  alter  pupil  size.  Ten  percent  oxygen 
led  to  a  stable  hemoglobin  oxygen  saturation  of  75  +/"  2  percent 
unless  subjects  hyperventilated  which  increased  the  oxygen  satura¬ 
tion  level.  When  subjects  hyperventilated,  it  was  judged  to  be 
primarily  because  of  anxiety  associated  with  the  testing  situation 
and  not  because  of  the  hypoxia  itself.  All  subjects  initially 
showed  hyperventilation,  but  all  were  trained  to  overcome  this 
tendency  and  oxygen  saturation  of  hemoglobin  remained  at  the 
constant  75  percent  level  for  all  testing. 

In  all  experiments,  the  authors  used  an  ascending-descending 
threshold  technique  (both  appearance  and  disappearance  of  the  test 
target  were  reported)  with  the  arithmetic  average  of  these  two 
readings  taken  as  the  threshold.  This  led  to  "scalloping”  of  data 
for  successive  measurements  (ascending  thresholds  were  higher  than 
descending  thresholds) .  It  is  of  major  interest  that  this  scallop¬ 
ing  was  much  larger  during  hypoxic  conditions  than  air  breathing 
conditions.  This  indicated  delays  in  decision  making  and/or 
responding  during  hypoxia.  Such  decays  were  well  controlled  with 
the  technique  used  by  Ernest  and  Krill  (1971)  of  averaging  of 
appearance  and  disappearance  thresholds.  However,  these  decision 
or  response  delays  with  hypcxia  would  be  expected  to  bias  results 
in  the  direction  of  a  larger  hypoxia  effect  in  much  more  typical 
absolute  and  differential  sensitivity  measurements  that  include 
only  ascending  test  target  luminances  and  reports  of  the  appearance 
of  the  target. 

The  first  experiment  of  Ernest  and  Krill  (1971)  compared 
effects  of  hypoxia  on  the  central  retina  with  effects  of  hypoxia  on 
the  peripheral  retina.  They  found  the  increase  in  absolute  visual 
threshold  with  10  percent  oxygen  over  normal  air  was  significantly 
greater  for  the  45-degree-eccentric  targets  than  for  the  5-degree- 
eccentric  targets.  This  was  particularly  true  for  the  smallest  12- 
minut.e  target  which  required  C.77  log  units  more  luminance  to  be 
seen  under  hypoxia  when  it  was  located  45  degrees  from  fixation  but 
only  0,25  log  units  more  luminance  to  be  seen  under  hypoxia  when  it 
was  located  5  degrees  from  fixation. 

The  second  experiment  concentrated  on  relative  hypoxia  effects 
for  different-sized  peripheral  targets  at  an  eccentricity  of  45 
degrees.  Increases  in  threshold  during  hypoxia  were  not  found  to 
differ  at  the  45-degree  location  for  two  different  target  sizes  of 
0.5  and  5  degrees. 

The  third  experiment  examined  relative  effects  of  hypoxia  on 
rod  and  cone  vision.  Under  hypoxia  (compared  to  air) ,  red  targets 
5  degrees  in  diameter  presented  at  an  eccentricity  of  5  degrees 
required  a  significantly  larger  increase  in  luminance  for  detection 
(0.42  log  units)  than  luminance  required  for  similar  size/ec- 
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centricity  blue  targets  (0.15  log  units) .  The  authors  viewed  this 
as  a  greater  effect  of  hypoxia  on  cones  than  rods  in  this  area  of 
the  retina,  but  were  unsure  why  this  was  the  case.  As  will  be 
discussed  later,  Kobrick  et  al.  (1984)  found  no  effect  of  hypoxia 
on  peripheral  (and  central)  red  targets,  but  did  find  a  decrease  in 
sensitivity  for  green  targets. 

The  fourth  experiment  examined  effects  of  hypoxia  on  the  time 
course  of  dark  adaptation.  Hypoxia  effects  did  not  appear  during 
the  first  4  minutes  of  dark  adaptation.  Later  stages  of  dark 
adaptation  did  show  hypoxia  decrements.  These  were  larger  for  the 
yellow  light  than  for  the  blue  light  used  in  this  experiment.  Both 
stimuli  were  1  degree  in  diameter  and  presented  at  an  eccentricity 
of  5  degrees.  Data  for  the  yellow  light  showed  a  pronounced  rod- 
cone  break  since  preceding  light  adaptation  was  for  a  blue  light 
which,  presumably,  largely  light-adapted  the  rods.  Data  for  the 
blue  light  showed  no  such  break  since  preceding  light  adaptation 
was  for  a  red  light  which,  presumably,  left  the  rods  in  a  condition 
of  dark  adaptation.  The  time  of  the  rod-cone  break  for  the  yellow 
light  occurred  at  about  12  minutes  both  during  hypoxia  and  during 
air  breathing,  suggesting  that  hypoxia  did  not  alter  the  adaptation 
process  for  either  rods  or  cones,  but  instead  affected  the  neural 
processes  underlying  or  communicating  sensitivity. 

Problems  with  the  research  of  Ernest  and  Krill  (1971)  included 
the  large  targets  that  confounded  target  eccentricity  with  target 
size.  This  confounding  may  account  for  nonmonotonic  effects  of 
hypoxia  on  target  size  at  the  5-degree  peripheral  location  since 
the  peripheral  location  probably  was  less  than  5  degrees  for  larger 
targets.  Where  provided,  actual  threshold  luminances  helped 
explain  hypoxic  results  and  such  data  might  help  explain  the 
puzzling  lack  of  difference  found  for  0.5-degree  and  5-degree 
targets  at  45-degrees  eccentricity.  Unfortunately,  actual  thresh¬ 
old  luminances  were  not  given  for  that  experiment,  but  only  the 
differences  between  air  and  low  oxygen  conditions.  Actual  thresh¬ 
old  luminances  were  only  presented  for  the  series  of  tests  provid¬ 
ing  the  dark  adaptation  curve  and  for  a  figure  showing  the  dramatic 
increase  in  "seal loping"  of  ascending  and  descending  thresholds 
*hat  was  described  earlier. 

Kobrick  and  Appleton  (1971)  studied  the  effects  of  extended 
hypoxia  on  visual  performance  and  retinal  vascular  state.  They 
assessed  a  variety  of  visual  functions  with  eight  healthy  soldier 
volunteers  ranging  in  age  between  18  and  25.  Dark  adaptation  was 
measured  at  sea  level  and  after  1,  18,  24,  and  48  hours  of  exposure 
to  an  altitude  of  15,000  feet  in  a  decompression  chamber.  The 
adaptometer  presented  a  0.25-second  flash  of  violet  light  subtend¬ 
ing  1  degree  of  visual  angle.  This  was  displaced  10  degrees  to  the 
right  of  a  fixation  point.  Viewing  was  monocular  with  the  right 
eye.  Flashes  occurred  every  4  seconds.  Subjects  used  a  control 
knob  to  raise  the  luminance  of  the  flash  to  the  level  allowing 


detection.  Luminance  levels  were  plotted  automatically  on  a  strip 
chart  recorder. 

Changes  occurred  in  dark  adaptation  and  some  other  visual 
performancAs  as  a  function  of  hypoxia.  The  maximum  drop  in 
absolute  sensitivity  was  found  at  the  initial  test  1  hour  after 
reaching  altitude.  Recovery  then  occurred  to  near  sea  level 
performance  for  the  test  at  24  hours.  Some  increase  in  thresholds 
(decrease  in  sensitivity)  then  was  observed  at  the  48-hour  test 
compared  to  the  24-hour  test.  As  will  be  discussed  in  Chapter  5: 
"Critical  flicker/ fusion  frequency,"  CFF  decrements  also  were 
maximal  at  the  l-hour  test  and  also  showed  some  recovery  at  later 
testings. 

Wiedman  (1973)  measured  a  number  of  visual  functions  at 
different  altitudes  on  Mount  Everest.  He  found  an  average  drop  in 
absolute  sensitivity  of  0.4  log  unit  when  measurements  were  made  at 
4,000  meters  compared  to  1,200  meters  for  15  subjects  ranging  in 
age  from  9  to  68.  Three  subjects  tested  at  5.. 000  meters  each 
showed  a  further  drop  in  visual  sensitivity.  Distance  of  the 
sensitivity  target  was  a  close  33  cm  and  it  may  be  no  coincidence 
that  lowest  sensitivities  and  the  largestchanges  in  sensitivity 
with  altitude  typically  occurred  for  the  subjects  of  presbyopic 
age. 

Jones  and  Wilcott  (1977)  reported  sharply  increased  thresholds 
while  running  on  a  treadmill  compared  to  a  control  condition  of 
standing  on  the  treadmill.  The  phenomenon  apparently  was  most 
noticeable  at  early  stages  o V  cardiovascular  exercise.  Thresholds 
in  the  inferior  visual  fi.vdr.  were  particularly  elevated  compared 
to  superior  visual  fields  %.-hen  both  were  measured  during  exercise. 
These  thresholds  were  both  higher  than  temporal  fields  measured 
during  rest.  Unfortunately,  key  control  conditions  of  inferior  and 
superior  fields  at  rest  were  not  included  in  the  research.  Jones 
and  Wilcott  pointed  out  the  parallels  between  their  apparent 
finding  of  an  inferior  field  loss  of  sensitivity  with  running  and 
research  by  White  (1961)  on  the  effect  of  "G"  forces  on  retinal 
circulation.  White  found  "gray-out"  occurs  earlier  in  the  inferior 
field  when  the  subject  is  upright  and  "gray-out"  occurs  earlier  in 
the  superior  field  when  the  subject  is  upside  down. 

Schull  et  al.  (1981)  investigated  the  effects  of  extended 
exposure  to  altitude  on  2 , 3-diphosphoglycerate  levels  and  on  night 
vision.  The  glycolytic  intermediate  2 , 3-diphosphoglycerate 
decreases  the  affinity  of  a  hemoglobin  solution  for  oxygen  (making 
oxygen  more  available  to  tissues)  and  changes  in  the  amount  of  2,3- 
diphosphoglycerate  may  account  for  part  of  the  adaptation  that 
occurs  to  extended  hypoxia.  Four  males  and  four  females  were  used 
as  subjects.  All  were  free  of  ocular  defects  or  organic  disease 
other  than  correctable  refractory  errors.  There  was  no  description 
of  their  age.  Subjects  were  tested  at  Soc.  level  and  again  5  weeks 
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later  at  4,250  meters  after  5  weeks  of  residence  in  the  Andes  with 
most  of  the  time  spent  at  elevations  above  4,080  meters.  Light¬ 
tight  goggles  presented  a  light-emitting  d^ode  of  increasing 
brightness  and  subjects  responded  when  it  became  visible.  Prior  to 
dark  adaptation,  bleaching  occurred  for  1  minute  while  a  sheet  of 
bond  paper  one  foot  from  the  eyes  was  illuminated  by  a  150-watt 
white  incandescent  bulb  located  about  one  foot  away  from  the  paper. 

Hemoglobin  levels,  2 , 3-diphosphoglycerate  levels,  and  hematoc¬ 
rit  levels  were  measured  at  sea  level  and  again  at  elevation  after 
5  weeks  and  these  then  were  correlated  with  changes  in  dark 
adaptation.  Higher  luminances  were  required  at  4,250  meters  for 
detection  of  the  light  throughout  the  dark  adaptation  period.  This 
held  for  both  men  and  women.  There  was  an  increase  of  2, 3-diphosp¬ 
hoglycerate  from  sea  level  levels,  and  the  subjects  showing  largest 
increases  tended  to  see  the  dim  stimulus  light  sooner  during  dark 
adaptation.  However,  these  changes  did  not  strongly  predict  the 
visual  sensitivity  changes  that  occurred  for  hypoxia  compared  to 
sea  level  testing.  Hemoglobin  and  hematocrit  also  increased  over 
the  adaptation  period,  but  there  was  no  discussion  of  the  correla¬ 
tion  between  these  changes  and  sensitivity  changes. 

With  the  adaptometer  used  by  Schull  et  al.  (1981) ,  subjects  had 
1.5  seconds  to  respond  to  the  stimulus  before  it  doubled  in 
luminance.  This  may  not  always  have  been  enough  timo  to  respond  to 
the  luminance  level,  especially  if  it  became  visible  relatively 
late  in  the  1.5  second  "on"  period.  If  so,  a  substantially  higher 
target  luminance  level  would  have  been  recorded  than  was  actually 
required  to  see  the  target.  The  slowing  of  decision  and/or 
reaction  times  with  hypoxia  indicated  by  direct  reaction  time 
measures  (e.g.,  McFarland,  1937b)  and  by  the  increased  scalloping 
of  ascending  and  descending  thresholds  found  with  hypoxia  by  Ernest 
and  Krill  (1971)  would  increase  the  chances  of  a  higher  (doubled) 
luminance  being  recorded  than  the  actual  luminance  that  was 
required  for  target  detection.  Thus,  there  is  another  possible 
explanation  of  the  results  of  Schull  et  al.  (1981)  based  on  hypoxic 
reaction  time  increases. 

Kobrick  et  al.  (1984)  studied  the  effects  of  extended  hypoxia 
on  night  vision  using  a  microprocessor-controlled,  light-emitting 
diode  dark  adaptometer  developed  by  O'Mara  et  al.  (1982).  Subjects 
were  12  healthy  male  soldiers  volunteers,  aged  18  to  30  with  normal 
acuity  (corrected  if  necessary),  normal  stereopsis,  normal  phoria, 
and  normal  color  sense.  Measurements  were  made  at  sea  level,  then 
on  days  2,  4,  8,  9,  11,  13,  and  16  following  travel  to  an  elevation 
of  4,300  meters.  Followup  testing  occurred  after  their  return  to 
sea  level.  Prior  to  these  tests,  subjects  received  extensive 
training  on  the  task  of  making  measurements  with  the  adaptometer. 

The  adaptometer  presented  five  lights  simultaneously  with  one 
at  the  center  and  four  at  the  corners  of  a  20-0egree  square 
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surrounding  the  center.  The  lights  were  57.6  cm  from  the  subject. 
Red  or  green  stimuli  were  flashed  at  increasing  brightness  (actual¬ 
ly  increased  duration)  until  the  subject  indicated  he  saw  them.  No 
fixation  point  was  used.  Subjects  were  light-adapted  for  5  minutes 
prior  to  adaptation  and  thresholds  were  measured  for  20  minutes. 

Red  and  green  stimuli  were  alternated  on  successive  threshold 
measurements . 

Substantial  elevations  of  threshold  occurred  for  the  green 
display  at  altitude  on  days  4,  6,  9,  and  16,  particularly  for  the 
trials  occurring  between  1.5  and  9  minutes  during  dark  adaptation. 
These  altitude-associated  reductions  in  sensitivity  occurred  only 
for  the  green  display  and  not  for  the  red  display.  A  "rest  and 
relaxation"  trip  to  3,200  meters  for  8  hours  on  day  11  appeared  to 
overcome  much  of  the  hypoxic  effect  on  sensitivity.  Measures  made 
in  the  evening  after  their  trip  on  day  11  and  at  the  following  test 
on  day  13  did  not  show  decrements.  No  discussion  of  the  followup 
testing  at  sea  level  occurred  and  there  also  was  no  discussion  of 
whether  central  or  peripheral  lights  of  the  5-light  display  were 
first  detected. 

The  wide  disparity  between  the  wave  lengths  of  the  red  stimuli 
(610-660  nm)  and  the  green  stimuli  (555-575  nm)  used  by  Kobrick  et 
al.  (1984)  suggests  chromatic  aberration  of  the  eye  may  have  been  a 
factor  in  these  results.  If  hypoxia  were  to  alter  the  refraction 
of  the  eye  so  that  an  increase  in  blur  of  the  optically  close  green 
stimulus  occurred  and/or  a  reduction  in  blur  of  the  optically 
distant  red  stimulus  occurred,  this  could  account  for  the  differen¬ 
tial  effects  of  hypoxia  on  red  and  green  stimuli.  Since  4  of  the 
stimulus  lights  were  located  14  degicej  peripherally  in  the  upper 
left,  upper  right,  lower  left,  and  lower  right  quadrants  and  only  1 
was  presented  in  the  center,  accurate  focus  for  the  peripheral 
stimuli  may  have  been  more  critical  than  central  focus. 

Abraham  et  al.  (1984)  measured  scotopic  thresholds  of  the  human 
retina  during  a  period  of  treadmill  running  at  60  to  75  percent  of 
maximum  effort.  Running  increased  thresholds,  but  this  appeared  to 
be  only  because  of  head  movements  and  associated  eye  instability, 
since  thresholds  did  not  differ  between  measurements  made  in  the 
first  minute  and  measurements  made  after  10  minutes  of  running. 
Another  study  by  some  of  the  same  authors  showed  no  change  in 
threshold  as  a  result  of  pedaling  a  bicycle  ergometer  at  60  to  75 
percent  of  maximal  effort.  The  implication  was  that  physical  tasks 
demanding  of  oxygen  do  not  lead  to  any  significant  reduction  of 
blood  flow  to  the  retina  or  other  visual  centers.  Earlier,  Jones 
and  Wilcott  (1977)  had  reported  sharply  increased  thresholds  in  the 
lower  visual  field  while  running  compared  to  rest  (standing  on  the 
treadmill)  and  Abraham  et  al.  speculated  that  head  movements  may 
have  been  the  reason  for  higher  thresholds,  not  reduced  circulation 
of  blood  oxygen  to  the  retina. 


Luria  and  Knight  (1987)  measured  scotopic  sensitivity  while 
subjects  breathed  10  percent  oxygen  or  21  percent  oxygen.  Subjects 
were  dark  adapted  for  30  minutes  before  scotopic  thresholds  were 
measured.  Blood-oxygen  saturations  were  measured  during  the 
experiment.  All  6  subjects  showed  a  decrease  in  scotopic  sen¬ 
sitivity  and  these  drops  averaged  0.38  log  units.  Blood  oxygen 
saturation  changed  from  an  average  of  97  percent  while  breathing 
air  to  an  average  of  77  percent  after  7  minutes  of  breathing  the  10 
percent  oxygen  mixture.  Luria  and  Knight  also  measured  blood 
levels  of  CO2  and  found  no  change  for  the  two  oxygen  tensions  and 
concluded  hypocapnia  was  not  a  factor  in  the  sensitivity  change. 

In  earlier  research,  these  authors  had  not  found  any  significant 
decrease  in  sensitivity  for  subjects  breathing  13  percent  oxygen 
and  this  indicated  that  decrements  in  sensitivity  as  a  result  of 
hypoxia  are  minor  prior  to  the  breathing  of  some  critical  oxygen 
tension  between  13  percent  oxygen  and  10  percent  oxygen. 


Carbon  monoxide  hypoxia  and  sensitivity 

Abramson  and  Heyman  (1944)  studied  the  effects  of  inhalation  of 
carbon  monoxide  on  dark  adaptation.  They  assessed  effects  cf  C0- 
breathing  levels  on  visual  sensitivity  after  30  minutes  of  dark 
adaptation.  Their  subjects  were  14  people  "aged  about  20  years." 

A  Hecht-Shlaer-type  adaptometer  was  used  for  data  collection  with 
nine  subjects  and  a  "biophotometer"  was  used  for  the  other  five. 
Dark  adaptation  was  measured,  after  which  different  air-co  mixtures 
were  breathed  for  20  minutes  and  COHb  levels  ranging  from  S  to  30 
percent  resulted.  Absolute  sensitivity  then  was  measured  again. 

No  diminution  of  dark  adaptation  was  found  when  adaptation  was 
measured  with  the  biophometer.  The  Hecht-Shlaer-type  adaptometer 
data  indicated  some  subjects  showed  reductions  in  sensitivity  of  up 
to  0.65  log  units.  However,  5  of  the  9  showed  decrements  of  0.1 
log  unit  or  less  and  the  loss  was  not  correlated  with  COHb  levels. 
Subjects  with  the  two  highest  COHb  levels  (26.5  and  30  percent 
COHb)  showed  no  change  before  and  after  CO  inhalation.  A  problem 
with  the  study  was  that  dark  adaptation  may  have  continued  beyond 
20  minutes,  producing  increased  sensitivity  during  the  second 
testing  following  elevation  of  COHb  and  this  may  have  countered  the 
COHb  effects.  On  the  other  hand,  since  COHb  levels  apparently 
reduce  blood  oxygen  saturation  without  causing  the  subjective 
discomfort  that  low-oxygen  hypoxia  produces  for  comparable  reduc¬ 
tions  of  blood  oxygen  saturation,  the  question  is  raised  whether  or 
not  the  greater  discomfort  in  hypoxic  hypoxia  is  a  factor  in 
reduction  in  visual  sensitivity,  perhaps  via  stress- induced  lens  or 
pupil  adjustments  that  increase  the  retinal  blur  of  sensitivity 
targets. 

Scobee  and  Chinn  (1944)  used  the  Hecht-Shlaer  adaptometer  to 
measure  light  and  form  thresholds  in  an  unspecified  number  of 
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subjects  breathing  CO  mixtures.  They  did  not  find  any  reduction  in 
pight  vision  even  with  COHb  levels  greater  than  20  percent. 

McFarland  et  al.  (1944),  studied  the  effects  of  carbon  monoxide 
and  altitude  on  visual  thresholds  both  separately  and  in  combina¬ 
tion  using  'young  men  aged  16-25"  as  subjects.  They  found  the 
effects  of  a  given  level  of  COHb  on  sensitivity  were  roughly  the 
same  as  an  equal  loss  of  02Hb  due  to  breathing  of  reduced  oxygen 
mixtures.  This  result  contrasts  with  that  of  Abramson  and  Heyman 
(1944)  and  Scobee  and  Chinn  (1944).  This  study  will  be  discussed 
in  more  detail  in  the  next  chapter  on  contrast  sensitivity. 

Luria  and  McKay  (1979)  studied  the  effects  of  low  levels  of 
carbon  monoxide  on  a  "night  vision"  test  requiring  detection  of 
peripheral  targets  presented  at  different  locations.  No  effect  of 
a  10  percent  increase  in  COHb  levels  was  found  on  the  number  of 
targets  detected. 


Hyperoxia  and  sensitivity 

According  to  Beehler  (1964),  Becker-Freysing  (1950)  found  no 
decrease  in  dark  adaptation  of  subjects  who  spent  60  hours  living 
in  a  90  percent  oxygen  environment.  Eckel  (1951)  studied  the 
effects  of  breathing  oxygen  under  high  tensions  up  to  pure  oxygen 
and  also  found  no  change  in  the  course  of  dark  adaptation  or  final 
levels  of  sensitivity. 

Herlocher  et  al.  (1964)  studied  dark  adaptation  under  condi¬ 
tions  of  increased  oxygen  partial  pressure,  including  long  ex¬ 
posures  to  oxygen  at  increased  pressure  with  and  without  associated 
nitrogen.  Subjects  were  8  healthy  airmen  ranging  in  age  from  18  to 
24.  Four  subjects  were  exposed  for  30  days  to  an  oxygen  partial 
pressure  of  233.1  mm  Hg  along  with  a  nitrogen  partial  pressure  of 
436.1  mm  Hg.  and  a  C02  partial  pressure  of  4.1  mm  Hg  (total 
pressure  700  mm  Hg) .  Four  other  subjects  were  exposed  for  30  days 
to  an  oxygen  partial  pressure  of  254.1,  C02  partial  pressure  of  1.3 
and  nitrogen  partial  pressure  of  0.5  (total  pressure  258  mm  Hg) . 
Dark  adaptation  was  measured  with  a  Goldmann-Weekers  dark  adap- 
tometer.  Dark  adaptation  curves  were  made  3  times  before  the 
experiment,  15  times  during  the  experiment,  and  3  times  after  the 
experiment.  No  changes  in  adaptation  were  noted  in  either  of  the 
increased  oxygen  atmospheres  or  following  return  to  ambient  air. 

Paulson  and  Ryan  (1981)  reported  that  Gallagher  et  al.  (1965) 
investigated  the  effects  of  breathing  100  percent  oxygen  at  sea 
level  for  24  hours  and  found  no  significant  changes  in  a  wide 
variety  of  visual  functions  including  acuity,  stereopsis,  perimet¬ 
ry,  color  vision,  and  dark  adaptation. 
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Kent  (1966)  studied  the  effects  of  breathing  pure  oxygen  at  one 
atmosphere  and  at  2.82  atmospheres  on  dark  adaptation  measured  with 
the  Hecht-Shlaer  adaptometer.  Subjects  were  qualified  diving 
instructors,  aged  25  to  35,  plus  one  57 -year-old  who  was  not  an 
instructor.  A  stable  absolute  threshold  was  obtained  after  from  30 
to  45  minutes  of  adaptation  and  then  the  mask-breathed  air  was 
changed  to  oxygen.  Five  subjects  were  tested  at  a  pressure  of  one 
atmosphere  and  four  of  the  five  showed  no  significant  change.  The 
fifth  demonstrated  a  0.20  log  unit  decrease  in  sensitivity.  This 
subject  demonstrated  this  increase  in  thresholds  on  a  number  of 
subsequent  testings. 

Four  subjects  were  tested  at  2.82  atmospheres.  Two  showed 
small  rises  in  rod  thresholds,  one  showed  no  change,  and  one  showed 
an  uneven  lowering  of  the  threshold  (increased  sensitivity)  which 
reached  a  final  level  of  0.25  log  units  below  that  for  air  breath¬ 
ing  at  one  atmosphere.  Kent  called  for  further  research  on  what 
appeared  to  be  a  reduction  of  sensitivity  under  hyp-sroxia. 

However,  the  most  substantial  change  was  the  0.25  log  unit  improve¬ 
ment  and  it  may  be  that  some  other  factor  such  as  oculomotor 
adjustments  in  the  situation  improved  stimulus  visibility  for  some 
subjects  and  decreased  stimulus  visibility  for  others. 

Pierson  (1967)  looked  at  the  effects  of  breathing  pure  oxygen 
as  well  as  the  effects  of  hypoxia  on  sensitivity.  No  effect  of 
breathing  pure  oxygen  was  noted.  This  study  was  described  in  more 
detail  earlier  in  this  chapter. 

Elsas,  Anderson,  and  Lefler  (1968)  determined  the  effects  of 
hyperbaric  oxygen  (pressures  of  two  and  three  atmospheres)  on 
visual  sensitivity.  Subjects  were  five  persons  who  provided  full 
data  and  another  three  who  provided  partial  data.  No  discussion  of 
subject  characteristics  was  given.  A  Goldmann-Weekers  adaptometer 
was  used  with  a  red  fixation  point  11  degrees  above  the  circular 
white  test  field  which  subtended  11  degrees.  Dark  adaptation 
curves  were  obtained  in  normal  air  and  pressure  while  breathing  100 
percent  oxygen  at  15  psi  (1,536  mm  Hg)  and  while  breathing  100 
percent  oxygen  at  30  psi  (2,311  mm  hg) .  Fifteen  minutes  of  oxygen 
breathing  preceded  the  initial  threshold  testing. 

Dark  adaptation  under  hyperoxia  was  similar  to  that  with  air 
breathing  at  normal  pressure.  Data  in  one  table  appeared  to 
indicate  faster  adaptation  at  30  psi  during  the  first  2  minutes. 
However,  according  to  the  authors,  no  effects  were  found  on  the 
rate  of  adaptation  or  on  final  sensitivity  as  a  result  of  oxygen 
breathing  under  increased  pressure  compared  to  breathing  of  air  at 
normal  atmospheric  pressure.  These  same  data  were  reported  in 
Anderson  (1968). 

Large  individual  differences  were  found  by  Elsas,  Anderson,  and 
Lefler  (1968).  Subjects  varied  in  final  thresholds  from  0.15 
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millilux  to  0.019  millilux  and  this  extreme  variation  of  data  among 
the  5  subjects  suggests  that  a  replication  of  hyperoxia  effects  on 
dark  adaptation  may  be  in  order.  It  also  suggests  that  the 
Goldmann-Weekers  adaptometer  magnifies  individual  differences  in 
refraction  or  individual  differences  in  some  other  visual  process 
which  may  be  influenced  by  hypoxia. 


Conclusions  and  research  needs 

Hypoxia  produces  definite  reductions  in  absolute  visual 
sensitivity,  but  most  studies  have  found  little  effect  on  visual 
sensitivity  until  oxygen  tensions  are  only  half  that  with  oxygen  at 
sea  level.  These  low  oxygen  tensions  that  produce  reliable 
decrements  in  visual  sensitivity  already  are  approaching  the  oxygen 
tensions  that  lead  to  unconsciousness. 

Subjective  changes  in  world  brightness  associated  with  hypoxia 
and  recovery  from  hypoxia  may  reflect  the  same  changes  in  retinal 
sensitivity  that  underlay  the  decrements  found  in  laboratory 
research  on  the  effects  of  hypoxia  on  dark  adaptation  and  absolute 
sensitivity.  On  the  other  hand,  these  subjective  brightness  shifts 
could  be  the  result  of  pupillary  changes  since  pupillary  changes 
have  regularly,  though  inconsistently,  been  reported  to  occur  with 
hypoxia. 

The  studies  reviewed  in  this  chapter  showed  that  a  reduction  in 
the  oxygen  in  the  blood  hemoglobin  as  a  result  of  carbon  monoxide 
usually  does  not  have  the  same  deleterious  effect  on  visual 
sensitivity  as  a  comparable  reduction  of  blood  hemoglobin  due  to 
low  oxygen  tension.  This  has  also  been  noted  for  other  types  of 
human  performance  (Christensen  et  al.,  1977).  Severe  hemic  hypoxia 
(carbon  monoxide  poisoning)  is  much  less  unpleasant  than  severe 
hypoxic  hypoxia.  It  may  be  that  the  stress  associated  with  hypoxic 
hypoxia  produces  changes  in  the  system  or  behavior  that  influence 
visual  performance  to  a  greater  extent  than  the  low  oxygen  content 
of  the  blood.  Hyperventilation  is  stimulated  by  anxiety,  but 
hyperventilation  probably  is  not  the  explanation  of  the  greater 
hypoxic  hypoxia  decrements  than  hemic  hypoxia  decrements,  since 
hyperventilation  typically  improves  visual  sensitivity.  Reduced 
breathing  rates  may  magnify  hypoxic  problems  or  even  lead  to  C02 
buildups  that  reduce  sensitivity,  but  this  has  received  no  inves¬ 
tigation  as  the  explanation  of  the  difference  between  hemic  hypoxia 
and  hypoxic  hypoxia.  These  differences  between  the  two  types  of 
hypoxia  and  their  effects  on  vision  would  appear  to  provide  an 
important  area  for  future  research. 

The  key  role  of  hyperventilation  in  visual  changes  during 
hypoxia  was  recognized  early  (Wald  et  al.,  1942).  Without  control 
of  hyperventilation  or  measurement  of  C02  levels  in  the  lungs  and 
blood,  hypoxic  effects  on  sensitivity  are  apt  to  be  masked  by  the 
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large  changes  in  vision  produced  by  low  (and  hi/  )  levels'  of  C02. 
Hyperventilation  has  been  associated  with  hypoxia  in  many  studies 
and  the  resultant  increased  oxygen  and  reduced  C02  would  tend  to 
maintain  visual  sensitivity  in  the  face  of  reduced  oxygen  tensions. 
The  not  unusual  finding  of  an  improvement  in  sensitivity,  despite  a 
reduction  in  oxygen  tension,  may  reflect  hypoxic  initiation  of 
hyperventilation  and  hypocapnia.  Studies  like  that  of  McFarland 
and  Evans  (1939)  which  found  decrements  in  sensitivity  with  only 
moderate  hypoxia  may  have  been  very  successful  in  preventing 
hyperventilation.  Hopefully,  their  results  did  not  reflect  lower- 
than-normal  ventilation  which  would  both  magnify  hypoxia  and  lead 
to  hypercapnia.  It  is  critical  that  future  research  on  hypoxia  and 
vision  include  measures  of  arterial  oxygen  tensions  and  CO?  ten¬ 
sions. 

Acetazolamide  produces  effects  on  the  acid-base  balance  of  the 
blood  and  tissues,  and,  as  mentioned  earlier,  produces  large 
effects  on  the  standing  potential  of  the  eye  (Yonemura  and  Kawasa- 
ke,  1979)  and  the  intraocular  pressure  (e.g.,  Bietti,  1972).  There 
also  are  possible  parallel  effects  of  acetazolamide  and  hypoxia  on 
visual  field  size  (Kobrick,  1970) .  These  ties  of  the  drug 
acetazolamide  to  hypoxia  indicate  a  need  for  research  on  the 
effects  of  acetazolamide  on  dark  adaptation  and  final  sensitivity. 
This  should  be  conducted  with  normal  eyes  of  subjects  who  have  had 
extensive  practice  on  the  adaptometer  and  with  placebo  treatments 
counterbalanced  with  acetazolamide  over  trials  to  unconfound  the 
confounded  drug  and  practice  effects  in  Miller's  (1956>  research. 

Response  slowing  may  account  for  some  of  the  sensitivity 
changes  with  hypoxia  obtained  by  McFarland  and  most  other 
researchers  who  only  used  ascending  levels  of  target  luminance  to 
measure  sensitivity.  When  Ernest  and  Krill  (1971)  used  descending 
as  well  as  ascending  target  luminances,  they  still  found  decrements 
in  sensitivity  with  hypoxia,  but  the  large  scalloping  of  successive 
thresholds  they  found  also  illustrated  the  hypoxia-enlarged 
response  (or  decision)  component  that  would  have  falsely  enlarged 
their  hypoxia  effect  had  they  used  the  typical  procedure  of  only 
raising  luminance  levels  until  targets  were  seen. 

Almost  every  study  has  reported  large  individual  differences  in 
visual  sensitivity  decrements  as  a  result  of  hypoxia.  Even  Ernest 
and  Krill  (1971),  who  monitored  blood  saturation  and  maintained  it 
at  a  constant  level,  provided  data  in  their  tables  that  indicated 
large  threshold  differences  among  their  three  subjects.  Research 
specifically  aimed  at  identifying  the  bases  of  individual 
differences  in  decrements  in  sensitivity  associated  with  hypoxia 
would  appear  to  have  much  value  for  selection  of  aviators  and  other 
personnel  who  might  be  faced  with  hypoxic  challenges  in  military 
situations.  Such  research  might  also  lead  to  cardiovascular 
training  or  other  training  that  might  improve  visual  performance  in 
hypoxic  conditions. 


The  research  reviewed  in  this  chapter  included  a  number  of 
studies  which  examined  factors  in  addition  to  hypoxia  to  determine 
whether  and  how  they  would  influence  the  decrements  in  absolute 
sensitivity  produced  by  hypoxia.  These  included  binocular  vs 
monocular  stimulation,  Vitamin  A,  insulin,  glycogen,  2,3- 
diphosphoglycerate  levels,  and  hematocrit  levels.  Researchers 
interested  in  replicating  or  extending  research  on  these  variables 
mediating  the  effects  of  hypoxia  on  vision  would  probably  be  better 
off  using  measures  of  differential  visual  sensitivity  rather  than 
measures  of  dark  adaptation  and  absolute  sensitivity.  As 
McFarland,  Halperin,  and  Niven  (1944)  pointed  out,  the  absolute 
sensitivity  research  paradigm  lacks  sensitivity  and  has  other 
disadvantages  compared  to  the  differential  sensitivity  paradigm 
(see  Chapter  2:  "Visual  acuity  and  contrast  sensitivity") .  The 
research  recommended  above  on  individual  differences  in  hypoxic 
decrements  on  visual  sensitivity  and  the  recommended  research  on 
differences  between  hemic  hypoxia  and  hypoxic  hypoxia  also  would  be 
better  carried  out  on  differential  sensitivity  instead  of  absolute 
sensitivity. 

There  are  at  least  two  sets  of  contradictory  results  in  the 
area  of  absolute  sensitivity  that  probably  could  be  resolved 
through  additional  research.  One  was  the  changes  in  hypoxic 
decrement  in  absolute  sensitivity  as  a  function  of  long-term 
exposure  to  moderate  hypoxia.  Some  studies  showed  adaptation 
(Kobrick  and  Appleton,  1971;  postemak,  1948a)  over  several  days 
and  another  showed  increasing  hypoxia  decrements  in  sensitivity 
over  a  similar  time  period  (Rose,  1949) .  The  other  was  the 
opposite  effects  of  hypoxia  on  absolute  sensitivity  found  for 
colors  widely  separated  on  the  spectrum  (Kobrick  et  al.,  1984; 
Schmidt,  1939) .  In  both  sets  of  contradictions,  an  interaction  of 
target  distance  and  hypoxia-caused  refractive  changes  may  have  been 
the  basis  for  the  different  results. 


Chapter  2 


Vlgual  acuity  and  ggntragt  sensitivity 

Contrast  sensitivity  sometimes  has  been  measured  by  having 
subjects  simply  report  when  they  first  can  see  a  target  against  a 
background  and  this  methodology  is  highly  similar  to  research 
paradigms  for  absolute  sensitivity.  Subjects  in  other  studies  have 
been  required  to  identify  the  orientation  of  gratings  or  other 
contrast  targets.  All  of  these  studies  can  be  considered  studies 
of  visual  acuity,  although  measurement  of  visual  acuity  typically 
has  involved  small  high  contrast  targets.  As  will  be  discussed  in 
this  chapter,  studies  of  contrast  sensitivity  with  low  background 
luminance  actually  have  provided  more  reliable  measures  of  the 
effects  of  hypoxia  on  visual  sensitivity  than  studies  of  absolute 
sensitivity. 

Although  the  literature  on  the  effects  of  hypoxia  on  contrast 
sensitivity  and  acuity  was  large,  only  a  small  amount  of  research 
was  found  on  the  effects  of  hyperoxia,  carbon  monoxide,  hypocapnia, 
and  hypercapnia.  As  a  result,  the  few  studies  that  were  not 
confined  to  hypoxia  are  included  chronologically  with  the  hypoxia 
research,  rather  than  in  separate  sections  as  was  the  case  with 
absolute  sensitivity  and  dark  adaptation  research. 

Wilmer  and  Berens  (1918)  looked  at  retinal  sensitivity  in  their 
study  of  hypoxia  and  ocular  functions  and  one  of  their  targets  was 
a  dark  gray  square  on  a  lighter  background  which  was  viewed  through 
a  neutral-density  wedge.  However,  despite  discussion  of  the 
methodology  for  testing  sensitivity  to  this  contrast  difference  and 
despite  presentation  of  sea  level  settings  of  the  wedge  which  just 
rendered  the  square  invisible,  no  discussion  of  hypoxic  changes  in 
sensitivity  to  the  dark  square  on  its  slightly  lighter  background 
was  provided  in  the  report.  This  probably  indicated  that  hypoxia 
did  not  influence  sensitivity  for  this  stimulus. 

Wilmer  and  Berens  (1918)  also  measured  visual  acuity  using  the 
Ives  visual  acuity  test  object.  They  indicated  that  their  attempt 
to  use  Snellen's  type  was  "unsatisfactory . "  Their  Figure  1 
illustrated  a  small  decrease  in  acuity  for  subjects  who  experienced 
hypoxia  through  use  of  the  Henderson  rebreathing  apparatus  which 
over  a  period  of  about  20  minutes  reduces  normal  oxygen  tension  to 
a  tension  equivalent  to  about  20,000  feet  or  higher.  In  the  25 
subjects  tested,  visual  acuity  was  unchanged  for  15,  improved  for 
3,  and  deteriorated  for  7.  These  proportions  provide  little  basis 
for  concluding  that  a  decrement  in  acuity  occurred  with  hypoxia  in 
their  study. 
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Bagby  (1921)  used  a  series  of  tests  to  measure  aptitude  for 
dealing  with  hypoxia  in  pilots.  The  Henderson  rebreathing  ap¬ 
paratus  was  used  and  they  measured  visual  acuity,  but  found  the 
Ives  test  "not  well  adapted  to  research,  the  scale  of  adjustment 
being  too  coarse."  They  did  find  that  acuity  performance  was 
reduced  markedly,  but  this  only  occurred  just  before  the  subject 
collapsed.  This  period  of  low  performance  not  only  reflected 
deterioration  of  acuity,  but  of  attention  and  cooperation,  as  well. 

According  to  McFarland,  Evans,  and  Halperin  (1941) ,  Schubert 
(1932)  used  Masson  disks  and  found  that  hypoxia  induced  by 
breathing  an  oxygen  concentration  between  8  and  10  percent  produced 
"a  considerable  decrease  in  visual  intensity  discrimination."  The 
exact  level  of  oxygen  tension  probably  is  reported  in  the  original 
article.  McFarland,  Evans,  and  Halperin  combined  their  comments 
about  the  Schubert  study  with  a  discussion  of  Gellhom  (1936a)  and 
Gellhom  did  use  a  range  of  oxygen  levels  from  8  to  10  percent. 
Masson  disks  and  the  Gellhom  results  are  described  in  considerable 
detail  below. 

The  effects  of  hyperoxia  on  visual  acuity  also  received  early 
emphasis.  Behnke,  Forbes,  and  Motley  (1935)  included  measurements 
of  visual  acuity  in  their  study  of  circulatory  and  visual  effects 
of  oxygen  at  a  pressure  of  three  atmospheres.  During  the  first  3 
hours  visual  acuity  decreased  by  up  to  25  percent  and  it  may  be  no 
coincidence  that  there  also  was  dilation  of  the  pupils  which  would 
have  increased  spherical  and  chromatic  aberration  of  the  eyes 
(Bachman  and  Behar,  1987) .  In  the  fourth  hour  when  the  subjects 
were  near  collapse,  visual  acuity  was  reduced  as  much  as  60  percent 
or  even  temporarily  lost.  Color  acuity  also  was  typically  lost  at 
impending  collapse. 

Although  it  is  not  clear  what  photopic  visual  performance  was 
tested,  Strughold  (1936),  according  to  Cooke  (1970),  reported  that 
exposure  of  man  to  altitudes  just  under  10,000  feet  affected 
photopic  vision  when  air  was  breathed. 

Gellhom  (1936a)  assessed  the  effects  of  hypoxia,  elevated  CO 2, 
and  hyperventilation  on  visual  intensity  discrimination.  He  used~a 
limited  number  of  highly-trained  subjects.  Two  Masson  disks  were 
presented  at  a  distance  of  one  meter.  They  were  rotated  rapidly 
and  this  caused  white  marks  on  the  disks  to  appear  as  a  series  of 
rings  of  differing  brightness  and  the  subject  reported  how  many 
rings  could  be  distinguished  against  their  darker  background. 
Subjects  then  breathed  oxygen  at  low  levels  (8  to  10  percent)  for 
approximately  10  minutes  with  the  same  intensity  discriminations 
taking  place  at  1  or  2  minute  intervals  during  breathing  of  the 
low-oxygen  mixture.  Similar  experiments  occurred  in  another 
condition  where  the  air  that  was  breathed  contained  six  percent  C02 
and  in  another  condition  where  testing  occurred  during  and 
following  2  minutes  of  hyperventilation. 
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Gallhom  found  all  three  treatments  produced  reliable 
decrements  in  intensity  discrimination.  The  one  subject  who 
received  8,  9,  ana  10  percent  oxygen  showed  decrements  in  contrast 
sensitivity  inversely  proportional  to  these  three  levels.  Ten 
percent  oxygen  produced  only  a  small  decrement  in  the  number  of 
rings  that  were  visible/  whereas  nine  and  eight  percent  oxygen 
caused  a  sharp  drop  in  their  number. 

Recovery  from  hypoxia  was  typically  swift  following  a  return  to 
breathing  normal  air.  The  same  was  true  of  recovery  from 
hyperventilation.  Recovery  from  C02  was  slower  for  some  subjects. 

A  return  to  air  breathing  frequently  led  to  intensity 
discriminations  that  were  better  than  prior  to  hypoxia  or 
hyperventilation.  Apparently  no  such  "hypersensitivity"  followed 
C02  breathing.  Artificial  pupils  were  used  during  some  of  these 
trials  and  it  was  reported  that  this  led  to  similar  results  as  when 
they  were  not  used. 

Many  experimenters  have  found  hyperventilation  to  improve 
visual  performance  (e.g.,  Alpem  and  Handley,  1952)  and  Gellhom's 
claim  of  a  reduction  of  contrast  sensitivity  with  hyperventilation 
may  be  misleading.  His  measurements  of  low  sensitivity  during 
hyperventilation  are  suspect  given  the  interference  between  the 
simultaneous  activities  of  breathing  maximally  35  times  per  minute 
and  making  intensity  discriminations.  Gellhom  reported 
measurements  made  following  hyperventilation  "not  infrequently" 
showed  increases  in  sensitivity  over  prehyperVentilation  levels. 
This  may  correspond  to  the  later  Alpem  and  Hendley  findings  of 
increased  sensitivity  with  hyperventilation. 

Gellhorn  (1936b)  partially  replicated  his  earlier  study  of 
hypoxia  effects  and  added  a  condition  where  three  percent  C02  was 
combined  with  low  oxygen  mixtures  of  eight  or  nine  percent.  The 
C02  almost  totally  eliminated  decrements  in  contrast  sensitivity  as 
a  result  of  hypoxia.  Improvement  in  cerebral  circulation  was  seen 
as  one  probable  basis  for  the  change.  Other  factors  mentioned  were 
a  shift  to  the  right  of  the  oxygen  dissociation  curve  of  the  blood 
and  improved  muscular  tonus  which  increases  the  venous  return  to 
the  heart.  Ho  discussion  was  given  of  the  probable  increase  in 
breathing  rate  associated  with  C02  breathing  which  presumably  would 
increase  blood  oxygen  saturation  and,  given  the  fairly  low 
percentage  of  C02  in  the  breathing  mixture,  may  have  actually 
reduced  arterial  co2 . 

According  to  McFarland,  Evans,  and  Halperin  (1941),  Berger  and 
Bf6]e  (1937)  found  that  hypoxia  had  little  effect  on  subjects' 
ability  to  resolve  the  separation  between  luminous  squares,  but  had 
a  strong  effect  on  resolution  of  the  gap  between  black  squares. 

They  had  two  ametropic  subjects  breathe  an  8.7  percent  oxygen 
mixture.  Squares  were  moved  apart  until  separation  was  noted  and 
moved  together  until  they  were  "fused."  The  separation-fusion 
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thresholds  for  black  squares  rose  30  percent  with  hypoxia  for  one 
subject  and  100  percent  for  the  other.  On  the  other  hand,  for 
white  squares,  these  separation  and  fusion  thresholds  were  largely 
unchanged.  Although  no  actual  Improvement  In  resolution  was 
reported,  this  absence  of  any  deterioration  in  square  resolution 
may  have  reflected  an  effective  decrease  in  stimulus  brightness  as 
a  result  of  hypoxic  sensitivity  changes.  Decreasing  the  brightness 
of  close  together  bright  targets  on  a  dark  background  reduced  the 
distance  required  for  their  perception  as  separate  (Berger  et  al., 

1943).  *> 

Evans  and  McFarland  (1938)  measured  visual  acuity  in  their 
research  on  the  effects  of  hypoxia  on  the  size  of  the  angiosco- 
tomata.  They  used  four  healthy  subjects  who  were  highly  trained  in 
experiments  on  oxygen  deprivation.  Acuity  was  measured  with  a 
Snellen  chart  illuminated  by  5  footcandles  and  acuity  remained 
unaffected  when  breathing  low  oxygen  mixtures  equivalent  to  8,000, 

17,000,  and  even  20,500  feet.  However,  spherical  correction 
changed  substantially  during  exposure  to  these  different  oxygen 
tensions  for  two  of  the  subjects,  as  is  described  in  the  chapter  on 
hypoxic  changes  in  accommodation. 

A  more  thorough  investigation  of  hypoxia  effects  on  acuity  was 
carried  out  by  McFarland  and  Halperin  (1940).  They  studied  the 
relationship  between  foveal  visual  acuity  and  illumination  in  one 
series  of  experiments  where  the  subjects  breathed  oxygen-nitrogen 
mixtures  of  normal  air,  10.34  percent  oxygen  (18,000  feet),  and  100 
percent  oxygen.  In  another  series  of  experiments,  subjects 
breathed  air,  14.31  percent  oxygen  (10,000  feet),  10.34  percent 
oxygen,  and  100  percent  oxygen.  Two  subjects  were  used  for  the 
first  series  at  numerous  luminance  levels  and  two  gas  mixtures. 

Nine  subjects  were  used  for  the  second  series  and  were  tested  at 
low  and  high  luminance  levels  and  with  three  gas  mixtures. 

Illumination  of  the  backgrounds  for  the  acuity  targets  ranged  from 
-2.7  log  photons  to  3.12  log  photons  in  the  first  series  and  ranged 
from  1.159  log  photons  to  3.12  log  photons  in  the  second  series. 

The  acuity  target  was  a  black  Landolt  C  which  was  adjustable  in 
size.  This  was  presented  at  a  distance  of  one  meter  against  a  red 
background.  The  gap  could  be  presented  in  one  of  eight  different 
meridians,  45  degrees  apart.  The  Landolt  C  first  was  presented  at 
a  size  too  small  to  resolve  the  gap  location  and  was  increased  in  A 

size  continuously  until  the  subject  responded.  An  incorrect 
response  led  to  a  change  in  gap  location  and  a  resumption  of  the 
increase  in  size.  Following  a  correct  response,  the  acuity  was 
recorded  and  the  stimulus  reduced  in  size  and  reoriented  for  the 
next  presentation.  ‘ 

For  low  luminance  backgrounds,  hypoxia  caused  highly  sig¬ 
nificant  drops  in  acuity  compared  to  acuity  while  breathing  air. 

The  decrement  in  visual  acuity  at  18,000  feet  was  about  twice  that 
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at  10,000  feet.  Much  smaller  decrements  with  hypoxia  occurred  at 
higher  background  luminance  levels,  although  these  decrements  also 
were  statistically  significant.  Following  breathing  of  oxygen, 
acuity  returned  to  normal  and  even  to  higher-than-normal  levels. 
McFarland  and  Halperin  (1940)  pointed  out  that  these  hypoxia 
effects  on  sensitivity  corresponded  to  the  effect  of  a  simple 
reduction  in  target  luminance. 

As  with  research  on  absolute  sensitivity  where  th<^  stimulus 
intensity  always  is  increased  until  the  target  is  see>  these 
acuity  measurements  would  be  influenced  by  hypoxic  slowing  of 
reactions  to  the  continuously  increasing  stimulus,  and  the  faster 
the  increase  in  stimulus  size  the  greater  this  probable  effect.  At 
the  highest  background  luminance,  there  was  only  a  six  percent  drop 
in  acuity  with  hypoxia  and  this  could  be  considered  the  upper  limit 
of  any  hypoxia-slowed-reaction-time  effect  in  the  McFarland  and 
Halperin  (1940)  study. 

According  to  Rose  (1950b) ,  Raber  (1941)  assessed  the  effects  of 
decompression  to  various  altitudes  (sea  level,  2,000,  3,000,  and 
5,000  meters)  using  the  "nyktometer"  which,  according  to  Rose 
(1950b),  measured  changes  in  visual  acuity  for  a  series  of  dim 
targets  during  a  2-minute  period  following  adaptation  to  a  bright 
adapting  field.  Impairments  (delays  to  letter  recognition)  were 
found  which  were  directly  related  to  altitude,  although  performance 
at  2,000  meters  differed  little  from  performance  at  sea  level. 
Performance  at  3,000  meters  was  more  similar  to  performance  at 
5,000  meters  than  to  performance  at  2,000  meters.  One  test  at 
5,000  meters  occurred  while  the  subjects  breathed  pure  oxygen. 
Visual  acuity  appeared  to  be  somewhat  higher  during  the  second 
minute  of  testing  in  this  hyperoxic  condition  than  for  other 
conditions,  including  the  testing  at  sea  level.  Apparently,  this 
was  because  the  sea-level  air  in  the  small  decompression  chamber 
was  ’’stale'*  and  not  because  of  any  real  improvement  of  acuity  for 
higher-than-normal  oxygen  tensions. 

Raber  (1941),  according  to  Rose,  also  measured  acuity  with  the 
Novak-Wetthauer  apparatus  (Rose,  1950b)  which  requires  45  minutes 
of  dark  adaptation  prior  to  testing  of  acuity  with  very  dim  targets 
(this  also  can  be  considered  a  test  of  absolute  sensitivity) . 
Hypoxia  (decompression  to  3,000  and  5,000  meters)  decreased 
performance.  Subjects  with  highest  acuity  at  ground  level 
experienced  the  largest  decrements.  This  sounds  to  this  reviewer 
like  regression  to  the  mean.  Rose  (1950b)  also  was  not  certain  it 
was  a  real  effect,  but  he  hypothesized  that  it  might  be  a  function 
of  probable  higher  intelligence  of  the  high  performers  at  sea  level 
and  that  ’’extraretinal"  intelligence  functions  were  more 
susceptible  than  retinal  functions  to  hypoxia.  Another  interesting 
possibility  is  that  refractive  shifts  may  have  occurred  with 
hypoxia  (Evans  and  McFarland,  1938;  Oblbaum,  1969)  and  these 


45 


improved  performance  for  some  subjects  and/or  reduced  it  for  others 
at  the  four-meter  distance  of  acuity  targets. 

Rose  (1950b)  reported  that  Lehmann  (1943)  found  sharp 
reductions  in  "rate  of  adaptation"  when  oxygen  tensions  were  below 
normal  (oxygen  pressures  equal  to  41,  47,  53,  and  62  mm  Hg) .  At  41 
mm  Hg,  the  rare  was  one-half  that  at  100  mm  Hg.  The  rate  was  about 
15  percent  higher  than  normal  for  a  hyperoxic  condition  with  an 
oxygen  tension  of  500  mm  Hg.  They  used  Graf's  Fahrbahn  testing 
procedure  with  low  illumination.  This  procedure  was  not  described 
by  Rose  (1950b). 

Berger  et  al.  (1943)  studied  the  effects  of  hypoxia  on  ability 
to  see  the  gap  between  a  pair  of  bright  dots  presented  against  a 
less  bright  background.  It  was  expected  resolution  of  the  gap 
between  dots  would  actually  be  improved  by  hypoxia  as  it  is  by  a 
reduction  in  dot  luminance.  Such  a  result  would  add  support  to 
data  from  acuity  experiments  that  indicated  effects  of  hypoxia  were 
directly  comparable  to  simple  reductions  in  target  luminance. 

Subjects  in  this  critical  experiment  were  four  emmetropes.  Two 
bright  dots  against  a  darker  background  were  moved  apart  until  they 
were  seen  as  separate.  They  then  were  moved  together  until  they 
were  seen  as  one.  These  fusion  and  separation  distances  were 
recorded.  Different  dot  brightnesses  of  10,  64,  753,  4,085,  and 
7,200  lux  were  used.  Viewing  distance  was  four  meters  and  a  three- 
mm  artificial  pupil  was  used  in  front  of  the  right  eye.  The  left 
eye  was  occluded  with  an  opaque  disk.  Observations  were  made  with 
each  dot  brightness  while  breathing  air  and  while  breathing  10 
percent  oxygen.  Observations  also  were  made  while  breathing  100 
percent  oxygen  at  4,085  lux.  Gas  mixtures  were  counterbalanced 
across  subjects,  as  were  ascending  and  descending  levels  of  dot 
luminance.  Gas  mixtures,  including  air,  were  administered  with  a 
nasal  mask. 

On  the  average,  increased  luminance  of  dots  required  larger 
separation  of  the  dots  for  their  resolution.  This  finding  was 
independent  of  the  gas  mixture  breathed.  Since  the  dim  10  lux  dots 
were  not  visible  in  the  hypoxic  condition,  the  minimum  luminance 
during  hypoxia  was  raised  from  the  10  lux  used  in  air  to  18  lux. 
Under  hypoxia,  three  subjects  showed  a  decrease  in  resolving  power, 
although  a  fourth  showed  the  expected  increase  in  resolving  power. 
These  results  for  three  of  four  subjects  are  paradoxical.  The 
additional  luminance  required  for  visibility  of  the  dimmest  dots 
during  hypoxia  indicated  hypoxia  had  the  effect  of  decreasing 
effective  luminance.  On  the  other  hand,  the  requirement  for 
increased  separation  of  the  bright  dots  to  allow  resolution  under 
hypoxia  compared  to  breathing  air,  suggested  that  hypoxia  had  the 
effect  of  increasing  luminance  of  these  dots. 


The  fact  that  one  subject  did  show  the  expected  improvement  of 
resolving  power  with  hypoxia  is  highly  significant  and  suggests 
that  some  artifact  explains  the  results  for  the  three  who  did  not 
show  it.1  Some  factor  such  as  a  hypoxic  change  in  the  pupil, 
accommodation,  or  eyeball  length  probably  was  increasing  the  blur 
of  the  dots  on  the  retina  to  a  greater  extent  than  the  hypoxia  was 
simultaneously  decreasing  the  sensitivity  of  the  retina  to  this 
blur.  It  appears  to  this  reviewer  that  a  refraction  increase  with 
hypoxia  was  the  probable  culprit  (e.g.,  Ohlbaum,  1969;  Evans  and 
McFarland,  1938) .  A  three-mm  artificial  pupil  probably  would  not 
increase  the  depth  of  field  sufficiently  to  overcome  any  nontrivial 
refraction  increase.  If  the  experimenters  had  checked  and 
corrected  the  refraction  of  their  subjects  during  the  hypoxic 
treatment,  as  was  done  by  Evans  and  McFarland  (1938)  for  two 
subjects  who  became  myopic,  possible  hypoxia-caused  myopic 
reductions  in  resolving  power  might  have  been  eliminated  in  the 
three  of  four  subjects  who  did  not  demonstrate  the  predicted 
result.  Replication  of  this  critical  experiment  with  this 
additional  control  is  needed. 

Livingston  (1944b)  measured  acuity  with  targets  that  were  the 
letters  "Cn  and  "E,"  with  the  task  being  to  indicate  the 
orientation  of  the  letter.  Ho  effect  on  acuity  of  depressurization 
to  15,000  or  17,000  feet  occurred.  A  decrement  in  acuity  did  occur 
at  19,000  feet,  but  this  was  still  relatively  small  and  other  sign* 
of  severe  hypoxia  were  apparent,  including  an  unwill  -gness  to 
report  responses  verbally. 

In  perhaps  the  best  known  experiment  on  contrast  sensitivity, 
McFarland,  Halperin,  and  Niven  (1944)  studied  foveal  intensity 
discriminations  as  a  function  of  light  intensity  and  degree  of 
hypoxia  produced  by  lowering  the  partial  pressure  of  oxygen. 
Subjects  were  nine  trained  males  ranging  in  age  from  18  to  26 
years.  Subjects  had  "no  physical  or  ocular  abnormalities  other 
than  mild  refractive  errors."  The  Crozier-Holway  apparatus  was 
used.  Subjects  viewed  an  illuminated  background  and  reported  when 
they  first  saw  a  brighter  test  square  against  the  background. 
Exposure  duration  of  the  square  was  1/10  second  and  its  luminance 
was  increased  by  about  C.03  log  unit3  with  each  succeeding 
exposure.  Data  were  collected  over  a  large  range  of  background 
intensities  (2.26  log  milliphotons  to  7.23  log  milliphotons) . 
Subjects  first  were  light-adapted  and  differences  in  luminance 
between  the  square  and  its  background  required  for  detection  of  the 


1  If  it  seems  inappropriate  to  call  a  result  demonstrated 
by  only  one  of  three  subjects  as  "correct,"  consider  the 
evidence  that  children  can  survive  long  periods  submerged  in 
icy  water  that  is  provided  by  one  out  of  four  survivors  of  such 
tragic  accidents. 


square  were  determined  repeatedly  over  a  16-minute  period  of  dark 
adaptation . 

The  low  oxygen  condition  typically  was  10.81  percent  oxygen 
corresponding  to  an  elevation  of  about  17,500  feet.  Some  testing 
of  subjects  occurred  with  oxygen  levels  ranging  from  8.9  percent 
oxygen  (22,000  feet)  to  15.7  percent  (7,500  feet).  Following 
exposure  to  low  oxygen,  subjects  typically  were  exposed  to  100 
percent  oxygen  for  several  minutes  and  then  additional  thresholds 
were  determined.  These  experiments  were  conducted  with  a  breathing  r 
mask  that  allowed  rapid  shifts  in  oxygen  tension  that  were 
undetected  by  subjects. 

Oxygen  deprivation  caused  a  decrease  in  differential  brightness 
sensitivity  which  was  greatest  at  the  lowest  field  intensities  and 
became  progressively  smaller  as  the  field  intensity  became 
brighter.  At  the  highest  field  intensity,  the  effect  of  hypoxia 
almost  was  nonexistent.  Oxygen  tension  was  related  inversely  to 
sensitivity  for  tensions  corresponding  to  sea  level,  7,500,  10,000, 
13,000,  15,800,  and  22,000  feet.  Differential  brightness 
sensitivity  that  had  been  reduced  by  hypoxia  returned  to  normal 
within  20  minutes  after  breathing  100  percent  oxygen. 

Large  individual  differences  were  found  in  the  hypoxic  changes 
in  contrast  sensitivity.  The  effects  on  blood  oxygen  saturation  of 
exposure  to  a  particular  tension  of  oxygen  also  showed  wide 
individual  changes  and  this  suggested  individual  differences  in 
respiration  rate  (or  volume)  occurred  during  hypoxia. 

The  remarkable  sensitivity  of  these  experimental  procedures  for 
detecting  performance  changes  with  small  changes  in  oxygen  tension 
led  McFarland,  Halperin,  and  Niven  (1944)  to  discuss  several 
advantages  associated  with  use  of  measures  of  differential 
sensitivity  with  low  luminance  backgrounds  over  measures  of 
absolute  sensitivity  for  determining  the  effects  on  visual 
sensitivity  of  hypoxia  or  other  environmental  conditions.  These 
advantages  were: 

a.  The  absolute  threshold  tends  to  keep  diminishing  even 
after  comparatively  long  periods  in  the  dark.  This 
interferes  with  the  interpretation  of  changes  caused 

by  the  experimental  conditions.  On  the  other  hand,  a  i 

dimly  illuminated  field  maintains  the  eye  at  a 
constant  state  of  adaptation  after  the  first  few 
minutes  of  exposure.  Control  experiments  showed  no 
appreciable  change  during  periods  of  over  2  hours. 

> 

b.  Less  time  is  necessary  to  reach  a  stable  state  at  the 
beginning  of  the  experiment  than  in  the  case  of 
absolute  thresholds. 
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c.  The  subject  has  less  difficulty  in  fixating,  when  he 
sees  a  circular  field  as  compared  with  total  darkness. 

d.  Entoptic  phenomena  are  less  disturbing. 

e.  The  results  have  more  direct  practical  application  to 
aviation  since  even  night  vision  generally  involves  a 
background  with  very  dim  illumination  rather  than 
total  darkness. 

As  was  mentioned  earlier,  there  has  been  only  a  small  amount  of 
research  on  effects  of  hyperoxia,  carbon  monoxide,  hypocapnia,  and 
hypercapnia  on  visual  acuity  and  contrast  sensitivity.  The  above 
arguments  indicate  that  measures  of  contrast  sensitivity  at  low 
background  luminance  levels  would  be  an  important  way  to  fill  this 
research  gap. 

Halperin  et  al.  (1959)  reported  further  results  of  the 
extensive  study  conducted  in  1944  and  1945  by  McFarland  and  his 
associates.  These  results  dealt  with  the  time  course  of  the 
effects  of  carbon  monoxide  on  visual  thresholds.  Subjects  for  this 
phase  of  the  research  were  four  young  men,  aged  16  to  25  with  no 
physical  or  ocular  problems,  who  were  highly  trained  on  the 
Crozier-Holway  discriminometer.  Changes  in  visual  sensitivity  were 
measured  after  dark  adaptation.  Air  and  various  gas  mixtures  with 
below  normal  oxygen  tension  were  breathed.  CO  was  administered  for 
brief  periods  and  levels  of  COHb  monitored. 

COHb  hypoxia  reduced  sensitivity  with  the  effect  of  a  certain 
percentage  of  COHb  being  similar  to  the  percentage  reduction  of 
oxygen  saturation  during  hypoxic  hypoxia.  On  the  other  hand,  COHb 
hypoxia  required  much  more  time  for  clearance  during  subsequent  air 
or  pure  oxygen  breathing  than  hypoxic  hypoxia.  There  was  a 
lingering  effect  of  CO  breathing  that  reduced  thresholds  even  after 
COHb  levels  had  dropped  as  a  result  of  breathing  air,  100  percent 
oxygen,  or  oxygen-C02  mixtures.  The  suggested  explanation  was  that 
neural  or  retinal  processes  were  disrupted  by  some  chemical  other 
than  hemoglobin  that  showed  an  affinity  for  CO  such  as  hemoglobin 
does . 

The  study  provided  data  indicating  significant  decrements  on 
contrast  sensitivity  of  COHb  levels  as  low  as  five  percent.  This 
further  indicated  the  remarkable  sensitivity  of  contrast 
discrimination  measures  at  low  background  luminance  with  highly 
trained  observers  as  was  pointed  out  earlier  by  McFarland, 

Halperin,  and  Niven  (1944) . 

The  study  also  indicated  that  when  COHb  levels  were  elevated, 
breathing  pure  oxygen  produced  higher  contrast  sensitivity  than 
occurred  when  breathing  normal  air  (21  percent  oxygen)  in  this 
circumstance  of  elevated  COHb.  This  pure  oxygen  benefit  contrasted 
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with  the  typical  failure  of  pure  oxygen  to  increase  sensitivity 
over  normal  air  when  COHb  levels  are  not  elevated.  This  suggests 
that  smokers  with  their  higher  COHb  levels  might  show  a  benefit  for 
visual  sensitivity  from  oxygen  breathing  whereas  nonsmokers  would 
not.  Hyperventilation  also  might  be  expected  to  improve  visual 
sensitivity  for  smokers  because  of  the  increased  oxygen  produced. 

McFarland  (1970)  reported  still  further  results  from  the  same 
series  of  1944-1945  experiments  that  showed  the  great  sensitivity 
of  the  Crozier-Holway  discriminometer  with  low  luminance 
backgrounds  to  changes  in  respiratory  conditions.  Single 
cigarettes  which  produced  only  a  little  more  than  a  percentage 
point  change  in  COHb  were  found  to  produce  significant  increases  in 
target  luminance  required  to  detect  targets  against  dim 
backgrounds . 

On  the  other  hand,  Ramsey  (1972;  1973)  did  not  find  effects  of 
low  COHb  levels  on  vision,  but  he  did  find  a  significant  slowing  of 
responses.  Another  possible  explanation  of  the  COHb  changes  in 
differential  sensitivity  found  by  McFarland  and  his  associates 
would  be  the  increased  levels  of  luminance  that  would  occur  during 
their  exclusive  ascending  luminance  trials  simply  as  a  result  of 
COHb  delays  in  subjects'  reports  of  when  they  could  see  the 
targets . 

Hecht  et  al.  (1946)  assessed  the  effects  of  hypoxia  on 
brightness  discrimination  and  dark  adaptation.  The  dark  adaptation 
results  were  discussed  in  the  previous  chapter.  Subjects  for  the 
contrast  discrimination  experiment  were  seven  men  and  one  woman. 

One  man  (S.H.)  was  51  and  the  others  ranged  between  17  and  25 
years.  Contrast  discrimination  was  measured  by  projecting  Landolt 
Cs  on  a  light  background  with  openings  of  the  Cs  in  one  of  eight 
different  positions.  Subjects  increased  the  brightness  of  each 
projected  target  until  they  could  report  the  orientation  and  this 
intensity  was  recorded.  Landolt  Cs  were  exposed  for  1/5  second. 
Three  background  field  intensities  were  used:  .00085,  0.0102,  and 
0.12  ml.  Six  oxygen  levels  in  addition  to  normal  air  were  used: 
16.6,  14.8,  13.2,  12.1,  11.2,  and  10.3  percent. 

Reduced  oxygen  pressures  reliably  increased  the  contrast 
required  to  detect  Landolt  C  openings  compared  to  their  detection 
in  air.  These  effects  were  much  more  pronounced  when  the 
background  luminance  on  which  the  brighter  Cs  were  projected  was 
low  than  when  it  was  "high."  For  the  11.2  percent  oxygen  tension 
and  the  ,00085-ml  background,  the  increase  in  "C "  luminance  above 
the  background  required  for  detection  was  nearly  100  percent 
greater  than  the  increase  above  the  background  required  for 
detection  when  breathing  air.  For  the  0.12-ml  background  the 
comparable  increase  for  lowest  oxygen  over  air  was  slightly  less 
than  40  percent. 
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The  increase  in  brightness  required  to  detect  MC"  openings 
going  from  12,000  to  15,000  feet  was  twice  as  great  as  the  increase 
required  for  "C"  opening  detection  going  from  6,000  to  9,000  feet. 
However,  above  15,000  feet  the  authors  claim  that  there  was  less 
rapid  deterioration  of  brightness  discrimination.  The  authors 
suggested  that  "this  may  be  due  to  compensation  by  the  body  for  the 
anoxia"  at  these  higher  levels.  On  the  other  hand,  review  of  the 
averages  indicated  that  this  only  occurred  for  the  series  of 
measures  made  at  the  lowest  background  intensity.  The  authors  do 
not  discuss  hypoxia  changes  in  some  other  visual  process,  but  this 
improvement  above  15,000  feet  may  reflect  hyporia  produced  changes 
at  these  low  oxygen  levels  in  some  other  ocular  process  such  as 
accommodation  which  leads  to  improved  focus  of  targets. 

Otis  et  al.  (1946)  used  the  Hecht  et  al.  (1946)  acuity  task 
where  a  Landolt  "C*  was  projected  on  a  light  background  with 
openings  of  the  "C"  in  one  of  8  different  positions  and  where  the 
11  subjects  increased  the  brightness  of  each  projected  "C"  until 
they  could  report  the  orientation.  They  manipulated  oxygen  tension 
and  CO2  levels  both  singly  and  in  combination.  A  decompression 
chamber  was  used  to  simulate  altitudes  of  12,000,  16,000,  18,000, 
20,000,  and  22,000  feet.  Hyperventilation  produced  lower-than- 
normal  C02  levels.  Adding  dead  space  between  the  mask  and  control 
valve  increased  C02  levels. 

Reduced  oxygen  tensions  increased  the  amount  of  luminance 
necessary  to  identify  "C"  orientations.  The  required  luminance 
increase  was  small  at  12,000  feet.  The  luminance  required  for 
acuity  increased  linearly  from  12,000  to  18,^00  feez.  luminance 
required  for  acuity  then  increased  sharply  for  the  20 , 00  .'-and 
22,000-feet  altitudes  indicating  a  major  decrement  in  contrast 
sensitivity  at  these  highest  altitudes. 

According  to  the  authors,  decreasing  alveole  ;•  C02  by 
hyperventilation  also  increased  the  luminance*,  required  to  maintain 
acuity  and  when  low  oxygen  and  reduced  alveolar  C12  were  combined, 
the  effects  were  reported  to  be  approximately  additive.  On  the 
other  hand,  they  also  reported  that  hypervent ilation  improved 
contrast  discrimination  at  altitude  and  the  figures  of  the  report 
indicate  that  it  was  only  when  C02  tension  was  lower  .than  25  mm  Hg 
that  contrast  discrimination  suffered.  Like  many  other  researchers 
(e.g. ,  Livingston,  1944a),  Otis  et  al.  (1946)  mentioned  that 
hyperventilation  normally  accompanied  hypoxia  and  this  further 
illustrates  the  importance  of  CO^  monitoring  ard  control  of 
respiration  in  research  on  hypoxia  effects. 

Other  studies  frequently  have  shown  hyperventilation  and 
associated  hypocapnia  to  produce  improved  visual  sensitivity  (e.g., 
Al pern  and  Hendley,  1952)  and  thus  the  hyperventilation  decrements 
reported  by  Otis  et  al.  (1946)  are  puzzling.  A  hand  steadiness 
test  also  was  included  in  the  research  and  hyperventilation  and 


h. 

< 


r' 

S 


I 


51 


v 


V, 


I  ini  unvn  im  w»  reimnrwm  vvw uumvwi  ml  a  »  *  ■  m  « 


i  w  nm; 


r  _i  man  fc/t  AJ ,  v  VW  VT  LTV  WTB  . 


associated  hypocapnia  had  a  stronger  negative  effect  on  this  than 
on  contrast  discrimination.  This  reliable  decrement  in  motor 
performance  with  hypocapnia  makes  the  Otis  et  al.  procedure  of 
having  the  subject  himself  adjust  Landolt  "C"  luminance  in  the 
contrast-discrimination  task  questionable.  Decrements  in  motor 
performance  or  increased  attention  required  for  the  manual 
luminance  adjustment  task  may  have  contributed  to  the  surprising 
low  contrast  sensitivity  scores  with  hypocapnia. 

Scano,  Bietti,  and  Schupfer  (1947)  reported  hypoxic  reductions 
in  resolving  power  of  the  eye  in  their  English  summary.  Hypoxia 
was  produced  with  a  rebreathing  apparatus  with  the  hypoxia  lasting 
at  least  10  minutes.  Retinal  resolving  power  was  measur'd  with  the 
interferometer  of  Schupfer.  A  significant  decremer.c  in  resolving 
power  was  found  at  5,000  meters.  Resolving  power  continued  to 
decrease  as  elevation  increased  and  this  decrement  accelerated  at 
about  7,250  meters.  Bietti  (1953)  noted  that  these  decrements  were 
comparable  to  the  reductions  in  resolving  power  of  the  retina  found 
by  Mercier  and  Duguet  (1950),  Giardini  (1949),  and  McFarland  and 
Halperin  (1940). 

Giardini  (1949),  according  to  Bietti  (1953),  found  hypoxia 
produced  a  reduction  of  the  central  visual  acuity.  Details  about 
hypoxic  conditions  or  the  acuity  task  were  not  given  by  Bietti. 

Rose  (1949)  included  visual  acuity  in  his  study  of 
acclimatization  during  a  2-week  exposure  to  10,000  feet  and  acuity 
was  measured  with  the  nyktometer  (Rose,  1950b) .  There  were  about 
10  subjects  for  various  acuity,  sensitivity,  and  muscle-balance 
measures.  No  discussion  was  provided  of  subject  characteristics. 
"Twilight  acuity,"  as  Rose  refers  to  nyktometer-measured  acuity  in 
this  paper,  was  a  combined  dark  adaptation  and  acuity  measure  where 
the  acuity  task  was  presented  following  light  adaptation  and  time 
to  various  acuity  performances  was  measured  as  well  as  the  level  of 
visual  acuity  following  adaptation  for  2  minutes.  The  measures  of 
"twilight  acuity"  were  made  at  slightly  above  sea  level  and  then 
repeatedly  during  nearly  2  weeks  at  10,000  feet.  Subsequent  to  the 
stay  at  elevation,  additional  measures  were  made  in  normal  air  at 
slightly  above  sea  level  and  in  a  decompression  chamber  at  an 
"altitude"  of  10,000  feet. 

Rose  (1949)  did  not  find  decrements  in  acuity  at  altitude 
compared  to  sea  level.  On  the  other  hand,  measures  of  acuity  in 
the  low  pressure  chamber  and  even  ground-level  measures  made  after 
the  stay  at  10,000  feet  showed  a  significant  drop  in  acuity.  In 
fact,  chamber  measures  showed  the  largest  effects  found  in  the 
study  on  these  nyktometer  measures  of  the  time  following  light 
adaptation  to  reach  criterion  acuity  levels.  The  puzzling  absence 
of  sensitivity  and  acuity  decrements  at  first  exposure  to  the 
10,000  foot  altitude  (Leadville,  Colorado)  which  the  decompression 
chamber  data  would  predict,  may  reflect  the  24  hours  or  more  cf 
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adaptation  that  preceded  testing  at  altitude  in  contrast  to  the 
immediate  testing  upon  decompression  in  the  chamber.  The  puzzling 
decrements  in  acuity  at  ground  level  2  to  8  weeks  following  the  2 
weeks  at  10,000  feet  suggest  some  environmental  influence 
subsequent  to  the  altitude  experience  (such  as  a  night  on  the 
town) . 

Miller  (1958)  was  concerned  that  the  finding  by  Behnke,  Forbes, 
and  Motley  (1935)  of  a  60  percent  reduction  in  acuity  following 
several  hours  of  hyperbaric  oxygen  might  indicate  that  a  reduction 
in  acuity  would  occur  for  pilots  who  breathed  pure  oxygen  for 
extended  periods.  He  measured  acuity  of  six  male  Navy  enlisted 
personnel  while  they  breathed  100  percent  oxygen  at  normal  ground 
level  pressure  for  4  hours  and  in  a  control  condition  where  air  was 
breathed  (the  order  of  air  and  pure  oxygen  was  counterbalanced  over 
subjects) .  A  Clason  acuity  meter  projected  Snellen  letters  on  a 
screen.  Both  central  and  peripheral  ac^ty  were  measured  with  two 
peripheral  locations  of  5  and  10  degrees  from  fixation.  The 
results  indicated  central  acuity  nearly  was  identical  for  air 
breathing  and  oxygen  breathing  and  this  result  held  for  tests  at  1, 
2,  3,  and  4  hours  of  oxygen  exposure.  Although  peripheral  acuity 
did  not  differ  between  air  and  oxygen  breathing,  a  substantial 
improvement  in  acuity  over  the  hourly  tests  occurred  with  both 
respiratory  gas  conditions.  This  undoubtedly  was  a  training 
effect.  It  is  interesting  to  speculate  that  this  may  reflect 
learning  to  adjust  accommodation  for  maximum  sharpness  of 
peripheral  images,  even  though  blurring  of  the  fixation  target 
results. 

Gallagher  et  al.  (1965),  according  to  Paulson  and  Ryan  (1981), 
found  no  significant  changes  in  a  wide  variety  of  visual  functions 
including  acuity,  stereopsis,  perimetry,  color  vision,  and  dark 
adaptation  as  a  result  of  breathing  100  percent  oxygen  at  sea  level 
for  24  hours. 

Kobrick  (1968)  studied  the  effects  of  exposure  to  12,800  feet 
and  acetazolamide  on  visual  performance.  A  variety  of  visual 
functions  were  tested  at  sea  level  and  at  altitude  with  half  of  the 
subjects  using  the  drug  acetazolamide  which  may  reduce  altitude 
sickness  and  the  other  half  taking  a  placebo.  Subjects  were  36 
male  soldier  volunteers  ranging  in  age  from  19  to  36.  Vision  of 
subjects  was  normal  and  they  had  no  physical  defects  which  might  be 
aggravated  by  hypoxia.  CFF,  visual  acuity,  stereopsis,  lateral 
phoria,  and  vertical  phoria  were  measured  at  sea  level  and  again 
after  24  hours  of  exposure  to  an  altitude  of  12,800  feet.  Acuity 
was  measured  at  near  and  far  with  an  orthoptic-type  vision  tester 
at  a  dim  tesr -field  luminance  of  0.1  fl  and  at  a  conventional  test- 
field  luminance  of  10  fl.  Hypoxia  did  not  produce  any  changes  in 
visual  acuity  or  in  any  of  the  other  variables  for  either  the  ' 
placebo  group  or  the  acetazolamide  group.  This  was  true  even 
though  previous  research  had  shown  changes  in  acuity  when  subjects 
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breathed  low-oxygen  mixtures  equivalent  to  the  tension  at  10 , 000 
feet  (McFarland  and  Halperin,  1940) . 

Kobrick  and  Appleton  (1971)  included  standard  Orthorater 
measures  of  acuity  in  their  study  of  extended  hypoxia  (decom¬ 
pression  to  15,000  feet)  which  found  marked  changes  in  CFF  and 
absolute  sensitivity  after  1  hour  of  exposure  and  considerable 
recovery  at  24  hours  of  exposure.  However,  the  acuity  measures  did 
not  show  changes  from  sea  level  performance  for  any  duration  of 
exposure.  Unlike  the  low  luminance  acuity  measures  included  by 
Kobrick  (1968)  in  an  earlier  study,  only  the  standard  Orthorater 
luminance  was  used. 

Weltman,  Smith,  and  Egstrom  (1971)  studied  central  visual 
acuity  and  peripheral  detection  during  simulated  pressure-chamber 
exposure.  As  is  described  in  the  chapter  on  visual  fields, 
substantial  decrement  in  detection  of  the  peripheral  stimulus 
occurred  when  subjects  thought  they  were  making  a  60-foot  dive  in 
the  chamber.  Central  acuity  did  not  differ  for  these  subjects  from 
central  acuity  for  the  control  group.  However,  the  subjects  who 
believed  they  were  making  a  real  dive  responded  significantly  more 
slowly  during  the  acuity  task  than  the  control  group.  Whatever  the 
basis  of  this  delay,  it  would  augur  for  changes  in  measures  of 
sensitivity,  acuity,  CFF,  etc.,  if  all  trials  were  ascending  or  all 
trials  were  descending  for  the  manipulated  variable.  In  fact, 
delay  of  reporting  an  increasing  intensity  peripheral  stimulus  may 
account  for  the  decrement  found  by  Weltman,  Smith,  and  Egstrom  (see 
Chapter  4:  "Fields  of  peripheral  and  central  vision"). 

In  a  vigilance  study  that  looked  at  sensitivity  to  differences 
in  the  contrast  levels  of  successive  stimuli  over  a  prolonged 
period,  O'Hanlon  and  Horvath  (1973)  measured  neuroendocrine 
reactions,  cardiorespiratory  reactions,  and  performance  of  hypoxic 
men.  Subjects  vere  8  unacclimatized  male  volunteers  aged  from  21 
to  30.  All  had  at  least  20/20  acuity,  with  correction  if 
necessary.  The  three  smokers  among  the  subjects  refrained  from 
smoking  on  days  of  the  experiment.  Subjects  breathed  oxygen  with  a 
mouthpiece  at  pressures  of  either  159  mm  Hg  (sea  level)  or  90  mm 
Hg.  (4,570  meters)  and  the  order  of  these  conditions  was 
counterbalanced  between  halves  of  the  group.  Subjects  judged 
whether  a  small  circle  of  light  that  flashed  for  1  second  every  3 
seconds  was  a  dimmer  "nonsignal"  or  a  brighter  "signal."  Each 
subject  viewed  a  nonsignal  brightness  selected  to  produce  correct 
detections  on  90  percent  of  trials  with  no  more  than  5  percent 
incorrect  nonsignal  identifications  in  a  condition  of  maximal 
alertness. 

The  vigilance  task  had  two  parts.  In  the  first  "alert"  segment 
10  signals  were  randomly  (though  never  successively)  interspersed 
among  50  nonsignals.  In  the  second  segment,  10  signals  were 
interspersed  randomly  among  290  nonsignals  in  every  15-minute 
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period  of  a  90-minute  test.  Subjects  responded  to  signals  with  one 
push  button  and  to  nonsignals  with  another. 

The  percentage  of  signals  detected  while  breathing  standard 
oxygen  was  73  and  this  was  significantly  greater  than  the  62 
percent  for  the  low-oxygen  condition.  The  decrement  in  signal 
detection  over  time  was  considerably  sharper  for  the  low-oxygen 
condition.  Substantial  individual  differences  existed  and 
respiration  rate  increases  during  hypoxia  were  correlated  strongly 
with  signals  detected  (r*.87).  Hemoglobin  oxygen  saturation  was 
not  measured,  but  increased  respiration  probably  increased  blood 
oxygen  and  maintained  performance.  Cortisol  levels  increased  most 
strongly  in  subjects  showing  larger  decrements  (r~-.80). 

Kobrick  (1976)  assessed  the  effects  of  hypoxia  and  preliminary 
adaptation  to  lower  levels  of  hypoxia  on  visual  search  time. 
Subjects  were  6C  young  male  soldiers  with  normal  vision  (corrected, 
if  necessary) .  Slides  depicting  a  crouching  soldier  were  presented 
with  the  soldier  located  at  the  center  and  three  different 
peripheral  locations  right  and  left  of  center.  Different  size 
"soldiers"  also  were  included  simulating  viewing  distances  of  75  to 
275  feet.  Actual  viewing  distance  of  the  large  screen  on  which 
these  slides  were  projected  was  six  feet.  Subjects  reported  when 
they  first  saw  the  figure  and  the  response  time  was  recorded. 
Subjects  then  reported  the  location  and  apparent  distance  of  the 
figure.  Subjects  were  tested  first  at  sea  level  (actually  200 
meters)  then  retested  3  to  5  weeks  later  at  4,300  meters.  Three  of 
the  four  groups  spent  2  to  4  days  at  intermediate  altitudes  of 
1,600  or  3,000  meters  before  going  to  4,300  meters. 

The  group  that  went  directly  to  4,300  meters  showed  a  decrement 
in  performance  from  their  performance  at  200  meters.  The  other 
three  groups  actually  performed  better  at  the  higher  altitude  than 
at  200  meters.  Apparently,  this  difference  between  the  groups  was 
related  closely  to  a  higher  level  of  mountain  sickness  for  the 
group  going  directly  from  sea  level  to  altitude  than  for  the  groups 
with  intermediate  altitude  experience. 

Hess  and  Gamer  (1977)  found  that  anoxia-induced  edema  of  the 
cornea  produced  a  reduction  in  visual  acuity  tr.at  was  substantial 
for  high-frequency  gratings.  However,  they  exposed  goggled  eyes  to 
pure  nitrogen,  and  their  results  probably  would  not  generalize  to 
hypoxic  conditions  where  oxygen  is  present  at  tensions  that  allow 
subjects  to  remain  conscious.  Oxygen  at  these  levels  totally  would 
prevent  corneal  swelling  of  eyes  without  contact  lenses  (See 
Chapter  19:  "The  cornea"). 

Kobrick  (1983)  studied  the  effects  of  hypoxia  on  the  luminance 
thresholds  for  target  detection  using  t.  realistic  target  object. 
Data  were  obtained  at  the  top  of  Pike's  Peak  (4,420  meter 
elevation)  from  nine  healthy  male  soldier  volunteers  ranging  in  age 
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from  18  to  35  vhose  vision  was  normal  (20/20  Snellen) ,  with 
correction,  if  necessary.  Acuity  for  projected  photographic  slides 
of  five  tactical  targets  (soldier,  tank,  etc.)  was  measured  by 
increasing  slide  brightness  until  the  specific  target  could  be 
identified.  Targets  were  presented  at  three  different  sizes 
simulating  distances  of  60,  90,  and  120  yards.  Subjects  were  dark 
adapted  prior  to  the  15-stimulus  series  and  a  30-second 
readaptation  period  separated  each  of  the  slides.  Testing  first 
occurred  at  sea  level  then  subjects  were  transported  to  the 
laboratory  at  the  summit  of  Pike's  Peak  and  tested  on  the  second, 
fourth,  sixth,  eighth,  and  tenth  day  after  arrival. 

Significant  increases  in  target  brightness  over  sea  level 
target  brightness  levels  were  required  to  allow  target  identi¬ 
fication  on  the  initial  two  tests  at  altitude.  Test  results  on  the 
final  three  occasions  did  not  differ  significantly  from  results  at 
sea  level.  The  increment  in  luminance  required  for  target 
identification  for  the  first  altitude  test  was  about  0.2  log  units 
over  luminance  required  at  sea  level.  Huge  individual  differences 
appeared  in  subjects'  responses  to  hypoxic  stress. 

A  problem  with  the  research  was  the  failure  to  describe  target 
viewing  distance,  although  one  suspects  it  was  6  feet  as  was  the 
case  for  another  study  with  projected  targets  (Kobrick,  1976) . 
Hypoxia-induced  increases  in  myopia  (Ohlbaum,  1969)  may  have 
accounted  for  the  decrements  observed  on  the  first  two  tests. 
Individual  differences  in  sea  level  refraction  and/or  individual 
differences  in  hypoxic  changes  in  refraction  may  have  accounted  for 
the  large  individual  differences  in  target  identification. 

Leber,  Roscoe,  and  Southward  (1986)  assessed  contrast 
sensitivity  with  low  levels  of  hypoxia  at  low  light  levels  with  and 
without  night  vision  goggles.  They  also  observed  the  effect  on 
sensitivity  of  breathing  pure  oxygen.  Subjects  were  four  male  Air 
Force  pilots  with  normal  uncorrected  vision  and  substantial 
experience  wearing  the  AN/PVS-5  night  vision  goggles.  Sensitivity 
was  assessed  by  determining  the  lowest  illumination  level  that 
allowed  the  subject  to  identify  the  orientation  of  the  grating. 

This  was  measured  after  dark  adaptation  and  after  physiological 
adaptation  to  oxygen  tensions  corresponding  to  sea  level,  7,000, 
10,000,  and  13,000  feet  above  sea  level.  Square  wave  gratings  of 
four  frequencies  were  used:  14,  7,  3.5,  and  1.75  cycles  per  degree 
(cpd) .  These  gratings  subtended  20  degrees  of  visual  angle  and 
were  presented  at  optical  infinity.  Subjects  first  were  tested 
without  night  vision  goggles  followed  by  testing  with  night  vision 
goggles.  Adaptation  checks  indicated  that  visual  sensitivity  was 
not  altered  substantially  by  looking  through  goggles.  On  the  other 
hand,  the  pure  oxygen  condition  always  followed  all  other 
conditions  and  always  was  preceded  immediately  by  viewing  through 
the  goggles. 
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Small  decrements  in  sensitivity  occurred  at  the  reduced  oxygen 
tensions.  Hypoxia  effects  appeared  largest  for  the  coarsest 
gratings  which  were  resolved  at  lowest  luminance  levels. 

Subsequent  breathing  of  pure  oxygen  improved  sensitivity  to 
sensitivity  values  found  with  sea  level  oxygen  tensions.  Even  the 
sea  level  condition  appeared  to  benefit  slightly  following 
breathing  of  pure  oxygen. 

Vision  with  the  night  vision  goggles  generally  was  unaffected 
by  oxygen  conditions  and  this  undoubtedly  reflected  the  relatively 
bright  cathode  ray  tube  (1  cd*m”2)  that  is  viewed  with  each  eye  and 
the  minimal  effects  of  hypoxia  on  contrast  sensitivity  at  higher 
levels  of  target  luminance  (e.g.,  McFarland/  Halperin,  and  Niven, 
1944).  The  light  amplification  allowed  resolution  of  the  coarse 
1.75-cpd  and  3.0-cpd  gratings  at  much  lower  grating  luminance 
levels  than  with  the  naked  eye.  The  7-cpd  gratings  were  viewed 
nearly  as  well  without  as  with  the  goggles.  The  14-cpd  gratings 
were  not  visible  at  all  through  the  goggles  due  to  the  goggle's 
comparatively  poor  frequency  response. 


Conclusions  and  research  needs 

Hypoxia  produced  definite  reductions  in  differential  visual 
sensitivity  as  it  did  for  absolute  visual  sensitivity.  However,  as 
with  absolute  sensitivity,  most  studies  have  found  only  minor 
effects  on  visual  sensitivity  until  oxygen  tensions  are  reduced  to 
half  the  tension  at  sea  level.  Perhaps  the  most  consistent  finding 
in  the  research  reported  in  this  chapter  was  that  decrements  in 
acuity  or  contrast  sensitivity  were  greatest  when  the  retinal 
illumination  was  lowest.  At  photopic  levels,  changes  in  acuity  and 
contrast  sensitivity  typically  did  not  occur  until  the  subject  was 
near  collapse.  The  higher  requirement  of  the  retina  for  oxygen 
with  low  illumination  than  with  high  illumination  probably  accounts 
for  the  increare  of  hypoxia  effects  at  low  illumination  (e,g., 
Stefansson,  Wolbarsht,  and  Landers,  1983b;  Linsenmeier,  1986). 

The  mechanism  of  hypoxic  reduction  of  contrast  sensitivity  and 
acuity  typically  operated  in  near  identical  fashion  to  placing  a 
filter  over  the  eye  and  reducing  target  brightness,  when  measured 
acuity  or  contrast  sensitivity  are  plotted  as  a  function  of  target 
luminance,  the  curves  for  hypoxia  correspond  to  the  curves  for 
normoxio  except  shifted  to  the  right  on  the  luminance  axis 
indicating  the  higher  luminance  level  required  for  equivalent 
performance  under  hypoxia. 

This  straightforward  prediction  about  the  comparability  of 
hypoxia  effects  to  the  effects  of  lowered  target  luminance  led 
Berger  et  al.  (1943)  to  a  "critical  experiment"  that  predicted 
better  visual  resolution  under  hypoxia  than  in  normoxia.  One 
subject  showed  the  predicted  improvement  with  hypoxia,  but  the 


other  three  did  not.  The  Berger  et  al.  research  needs  replication, 
since  if  one  subject  shoved  the  effect,  all  almost  certainly  vould 
show  it,  if  some  confounding  variable  (perhaps  a  hypoxic  shift  in 
refraction)  were  controlled  in  the  research.  Not  only  vould  this 
elegantly  shov  that  hypoxia  and  reduced  target  luminance  produce  a 
similar  retinal  response,  the  research  also  vould  identify  the 
important  oculomotor,  pupil,  or  other  changes  with  hypoxia  which 
caused  decrements  in  visual  resolution  for  three  of  four  subjects 
in  the  original  study  and  which  may  frequently  detract  from  visual 
performance  during  hypoxia. 

The  few  studies  reviewed  in  this  chapter  that  looked  at  carbon 
monoxide  poisoning  (hemic  hypoxia)  shoved  that  the  reduction  was 
comparable  to  the  reduction  for  comparable  reductions  in 
oxyhemoglobin  by  hypoxic  hypoxia.  These  results  came  from 
McFarland's  highly  sensitive  differential  sensitivity  procedure  and 
the  changes  were  not  large,  although  they  were  statistically 
significant.  It  may  be  significant  for  understanding  of  normal  and 
carbon  monoxide-inhibited  visual  sensitivity  that  hemic  hypoxia  was 
slow  to  recover  following  the  replacement  of  the  CO  mixture  with 
air  or  pure  oxygen.  The  beneficial  effect  on  differential 
sensitivity  of  higher-than-normal  oxygen  tensions  when  cOHb  was 
elevated  probably  is  related  to  the  slow  recovery.  However,  even 
low  levels  of  CO  slow  response  time  (Ramsey,  1972;  1973)  and  this 
could  be  a  factor  in  the  "sensitivity"  result,  since  McFarland  and 
his  associates  always  used  only  ascending  luminance  trials. 

Hyperventilation  produced  ambiguous  results  in  this  research  on 
contrast  sensitivity  and  acuity.  No  clear  cut  benefits  of 
hypocapnia  were  found  as  were  found  for  absolute  sensitivity  and 
critical  flicker-fusion  frequency  (CFF)  as  were  found  by  Alpern  and 
Hendley  (1952)  and  Granger  and  Ikeda  (1961)  and  often 
hyperventilation  led  to  decrements  in  acuity  and  contrast  sensitiv¬ 
ity.  However,  these  early  studies  may  not  have  produced  comparable 
hypocapnic  changes  to  the  research  of  Alpern  and  Hendley  or  Granger 
and  Ikeda.  Another  possibility  is  that  hypocapnia  causes  pupil 
dilation  or  lens  changes  that  detract  from  acuity  tasks,  but  do  not 
detract  from  (or  even  improve)  performance  on  CFF  and  sensitivity 
tasks  where  large  stimuli  do  not  need  accurate  focus  for  their 
viewing.  Additional  research  looking  at  hypocapnia  on  contrast 
sensitivity  with  large  low-contrast  gratings  would  probably  show 
improvements,  even  if  there  were  a  decrement  in  target  focus. 
Additional  research  looking  at  hypocapnia  on  acuity  with  control  of 
possible  changes  in  refraction  also  would  be  expected  to  lead  to 
improvements  like  those  found  for  absolute  sensitivity  and 
sensitivity  to  flicker. 

The  discussion  about  large  individual  differences  in  absolute 
sensitivity  in  the  previous  chapter  applies  totally  to  results  on 
contrast  sensitivity  and  acuity.  Research  specifically  aimed  at 
identifying  the  bases  of  individual  differences  in  decrements  in 
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sensitivity  and  acuity  associated  with  hypoxia  would  appear  to  have 
much  value  for  selection  of  aviators  and  other  personnel  who  might 
be  faced  with  hypoxic  challenges  in  combat  situations.  Such 
research  also  might  lead  to  cardiovascular  training  or  other 
training  that  might  improve  visual  performance  in  hypoxic 
conditions . 

Ho  one  appears  to  have  followed  up  the  Behnke,  Forbes,  and 
Motley  (1935)  finding  of  an  immediate  decrement  in  visual  acuity 
with  hyperbaric  oxygenation.  Several  studies  have  found  that 
oxygen  at  one  atmosphere  does  not  produce  decrements  in  acuity  and 
the  poorly-documented  decrement  with  hyperbaric  oxygenation  found 
by  Behnke,  Forbes,  and  Motley  may  have  been  a  spurious  result. 

Study  of  visual  acuity  and/or  contrast  sensitivity  under  hyperbaric 
oxygenation  would  appear  to  be  worthwhile,  especially  if  subjects 
would  be  subjected  to  the  potentially  toxic  environment  for  other 
medical  reasons  and  the  acuity  study  would  not  increase  or  modify 
this  exposure.  If  decrements  in  performance  were  found, 
investigation  of  their  bases  should  follow. 


Chapter  3 


Depth  perception  anti  etereoBai.? 


The  small  decrements  produced  by  hypoxia  on  visual  acuity  would 
be  expected  to  lead  to  similar  small  decrements  in  depth  perception 
and  stereopsis.  Any  unusual  sensitivity  of  depth  perception  and 
stereopsis  to  hypoxia  might  indicate  some  hypoxia-sensitive  brain 
site  critical  for  binocular  function. 

Wilmer  and  Berens  (1918)  investigated  the  ability  to  maintain 
stereoscopic  vision  with  an  ordinary  stereoscope  at  different 
levels  of  hypoxia.  Hypoxia  was  produced  with  a  rebreathing 
apparatus  or  in  a  low  pressure  chamber.  At  high  altitudes 
(typically  20,000  feet  or  more),  "confusion”  appeared  in  three  of 
nine  normals  and  in  two  of  six  subjects  considered  visually  unfit 
for  aviation  duty.  Administration  of  oxygen  restored  stereoscopic 
function  rapidly  in  one  confused  subject  who  received  it.  It  is 
not  clear  if  oxygen  was  administered  to  any  other  subject 
experiencing  stereopsis  problems. 

According  to  Nicholls  (1950b),  a  study  of  the  U.  S.  War 
Department  (1919)  investigated  stereoscopic  vision  under  hypoxic 
conditions  in  candidates  acceptable  for  pilot  duty.  Three  of  19 
normal  subjects  showed  loss  of  stereopsis  .  t  20,000  feet  and  1  of  7 
subnormals  (men  disqualified  for  visual  reasons)  showed  a  similar 
loss.  No  changes  in  stereopsis  were  found  at  altitudes  lower  than 
20,000  feet.  Another  series  of  tests  on  seven  normals  and  nine 
subnormals  showed  similar  results  with  only  one  subnormal  showing 
stereopsis  problems  (which  appeared  at  15,000  feet).  This  subject 
rapidly  recovered  stereoscopic  function  upon  administration  of 
oxygen. 

According  to  a  review  of  research  on  depth  perception  during 
oxygen  deficiency  provided  by  Rose  (1950a),  Heinke  (1942)  used 
Koch '8  depth  perception  testing  apparatus  on  11  subjects  who  were 
familiar  with  its  use.  Subjects  were  tested  followirg 
decompression  to  altitudes  of  5,000,  6,000,  and  7,000  meters. 
Disparities  were  presented  to  subjects  which  at  ground  level  they 
were  just  able  to  combine  into  one  three-dimensional  image.  Seven 
subjects  showed  a  decrease  in  the  value  of  this  fusible  disparity 
and  two  showed  an  increase.  Two  other  subjects  "had  a  wider 
scatter."  According  to  Rose,  Heinke  attributed  his  results  "to  a 
decreasing  adjustment  precision  which,  in  turn,  is  due  to  a  lack  of 
concentration,  to  a  decrease  of  the  extent,  and  to  a  change  in  the 
efficiency  limit  of  depth  perception."  Heinke  also  reported  that 
it  took  longer  for  subjects  to  adjust  the  depth  perception 
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apparatus  at  higher  altitudes.  Rose  (1950a)  also  mentioned  a 
dissertation  by  Stolze  (1943)  which  looked  at  binocular  depth 
perception  during  acute  anoxia,  but  no  results  of  that  research 
were  provided. 

Livingston  (1944b)  required  subjects  to  adjust  a  center  post  of 
a  depth  perception  apparatus  (three  pin  test)  to  the  same  distance 
a s  the  two  fixed  posts  on  either  side  of  the  movable  center  post. 

He  found  performance  under  hypoxia  (decompression  to  17,000  feet  or 
more)  differed  from  sea  level  in  that  the  center  post  was 
positioned  closer  to  the  subject  than  the  surrounding  posts  ("to 
the  near  or  exophoric  side  of  the  instrument.").  This  was  seen  as 
a  loss  of  power  to  "maintain  binocular  concentration,"  due 
apparently  to  difficulty  in  converging  at  the  distance  of  the 
posts,  despite  that  this  required  only  a  '  small  degree  of 
convergence . " 

According  to  Nicholls  (1950b)  and  Mercier  and  Duguet  (1950), 
Duguet  (1947)  found  stereoscopic  vision  to  be  "particularly 
resistant  to  anoxia."  Four  subjects  demonstrated  no  change  in 
stereoscopic  acuity  when  tested  at  elevations  ranging  from  zero  to 
6,000  meters.  Three  subjects  showed  a  transient  decrease  in 
stereoscopic  acuity  at  intermediate  altitudes  but  regained  sea 
level  stereoscopic  acuity  at  6,000  meters.  Nicholls  indicated  this 
finding  was  in  agreement  with  the  results  of  Heinke  (1942). 

Paulson  and  Ryan  (1981)  reported  that  Gallagher  et  al.  (1965) 
found  no  effect  of  breathing  100  percent  oxygen  at  sea  level  for  24 
hours  on  stereopsis.  No  studies  were  round  which  examined  depth 
perception  as  a  function  of  breathing  pure  oxygen  at  pressures 
greater  than  atmospheric  pressure, 

Kobrick  (1968)  studied  the  effects  of  exposure  to  12,800  feet 
on  a  variety  of  visual  functions  at  altitude  with  and  without  the 
drug  acetazolamide  which  may  prevent  altitude  sickness.  Subjects 
wore  36  volunteer  male  soldiers  ranging  in  age  from  19-36.  Vision 
was  normal  and  there  were  no  physic-1  defects  which  might  be 
aggravated  by  hypoxia.  Stereopsis  was  measured  using  a  Titmus 
Model  T/O  vision  tester  at  sea  level  and  again  at  an  altitude  of 
’12,800  feet  after  24  hours  of  exposure  to  the  altitude.  Stereopsis 
was  measured  at  the  conventional  test  field  luminance  (10  fl)  and 
also  at  a  dim  field  luminance  of  0.1  fl.  Hypoxia  did  not  produce 
any  changes  in  stereopsis  (or  in  any  of  the  other  visual 
performances) .  The  day  at  altitude  prior  to  testing  may  have 
acclimatized  subjects  and  prevented  changes  that  were  seen  during 
immediate  exposure  to  altitude  in  previous  research. 

In  his  study  of  the  effects  of  hypoxia  on  a  number  of  visual 
functions,  Ohlbaum  (1969)  assessed  effects  of  hypoxia  on 
stereopsis.  His  subjects  were  19  men  ranging  in  age  from  20  to  39. 
A  decompression  chamber  was  used  to  investigate  stereopsis  at 
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altitudes  of  0,  7,000,  15,000,  and  18,000  feet.  Stereopsis  was 
measured  with  the  U.S.  Air  Force  Verhoff  Stereopter,  but  with  an 
increase  of  testing  distance  to  1.6  meters  to  degrade  performance 
that  was  perfect  for  these  subjects  when  tested  at  the  usual  1- 
meter  distance.  At  the  1.6-meter  distance,  subjects  were  correct 
on  12  of  15  trials  when  tested  at  sea  level.  Subjects  entered  the 
chamber  in  groups  of  three  or  four  and  testing  of  each  took  about 
10  minutes.  Oxygen  masks  provided  oxygen  uctil  10  minutes  prior  to 
testing. 

Ohlbaum  found  stereopsis  showed  a  highly  significant  decrease 
as  a  function  of  hypoxia  that  was  related  linearly  to  altitude. 
Average  performance  at  7,000  feet  was  91  percent  of  sea  level 
performance.  The  comparable  figures  for  15,000  and  18,000  feet 
were  84  and  75  percent,  respectively. 

Kobrick  and  Appleton  (1971)  included  stereopsis  in  their  study 
of  the  effects  of  extended  hypoxia  on  visual  performance  and 
retinal  vascular  state.  Eight  healthy  soldier  volunteers,  aged 
between  18  and  25  with  normal  near  and  far  acuity,  normal 
stereopsis,  and  normal  peripheral  vision  were  used  as  subjects. 

Dark  adaptation,  CFF,  near  and  far  acuity  (Orthorater) ,  depth 
perception  (Howard-Dolman  test) ,  and  stereopsis  (Orthorater)  were 
measured  at  sea  level  and  after  1,  18,  24,  and  48  hours  of  exposure 
to  an  altitude  of  15,000  feet  in  a  decompression  chamber. 

Retinal  vessel  enlargement  occurred  following  48  hours  of 
hypoxia  with  some  changes  greater  than  100  percent.  Changes  also 
occurred  in  CFF,  dark  adaptation,  and  peripheral  visual  response  as 
a  result  of  hypoxia  with  maximal  changes  at  the  initial  l-hour  test 
followed  by  recovery  to  sea  level  performance  or  to  near  sea  level 
performance  over  24  or  48  hours.  On  the  other  hand,  neither 
stereopsis  nor  depth  perception  were  changed  as  a  result  of  hypoxia 
of  any  tested  duration.  It  is  surely  no  coincidence  that  the  same 
negative  results  were  found  for  visual  acuity. 

Ramsey  (1972)  studied  the  effects  of  small  quantities  of  carbon 
monoxide  (CO)  on  depth  perception.  Twenty  normal  subjects,  20 
subjects  with  anemia,  and  20  subjects  with  emphysema  breathed  0.03 
percent  CO  for  45  minutes  with  a  resultant  increased  cOHb  of  about 
5  percent.  There  was  no  effect  of  this  COHb  level  on  depth 
perception  for  any  subject  group  and  the  same  was  true  for  "visual 
discrimination  of  brightness."  On  the  other  hand,  reaction  time 
showed  a  small  but  significant  elevation  following  CO  breathing. 

Even  larger  percentages  of  COHb  (7.6  and  11.2  percent)  were 
found  in  another  study  by  Ramsey  (1973)  to  have  no  effect  on  depth 
perception.  These  levels  also  did  not  affect  visual  discrimination 
for  brightness.  These  levels  of  COHb  did  significantly  elevate 
reaction  times  to  a  visual  stimulus,  however.  This  was  an  increase 
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of  about  7  and  8  percent,  respectively,  for  the  7.6-  and  11.2 
percent  COHb  levels. 

Wright,  Randell,  and  Shephard  (1973)  also  investigated  the 
effects  of  small  increases  of  COHb  (averaging  3.4  percent)  on  depth 
perception  in  a  double-blind  study.  No  deterioration  in  judgments 
of  depth  was  found  as  a  result  of  this  slightly  increased  COHb. 


Conclusions  and  research  needs 

Stereopsis  and  depth  perception  appear  to  require  severe 
hypoxia  before  there  is  any  deterioration  in  performance.  This 
also  i3  true  f^r  visual  acuity,  and  it  probably  can  be  assumed  that 
deterioration  in  visual  acuity  produces  the  deterioration  in 
stereopsis  and  depth  perception  when  such  deterioration  occurs. 
Given  results  from  research  on  animals  that  indicate  cortical 
visual  processing  is  more  susceptible  to  hypoxia  than  earlier 
processing /transmission  of  visual  inputs  (e.g.,  Kayama,  1974; 

Eysel,  19-8),  one  might  have  predicted  that  fusion  of  the  eyes'  two 
images  would  be  particularly  susceptible  to  hypoxia.  However,  the 
research  reviewed  above  provides  no  indication  of  any  heightened 
susceptibility  to  hypoxia  of  cortical  fusion  centers. 

Carbon  monoxide  did  not  produce  decrements  in  depth  perception, 
although  the  levels  of  COHb  investigated  were  fairly  low.  Some  of 
these  studies  included  reaction  time  measures  and  the  low  COHb 
levels  did  slow  significantly  responding  and  this  has  implications 
for  sensitivity  studies,  CFF  studies,  and  other  studies  where  a 
stimulus  dimension  like  intensity  is  varied  in  only  one  direction 
until  subjects  respond. 

Breathing  pure  oxygen  did  not  hurt  or  help  stereopsis.  No 
studies  were  found  which  looked  at  hyperbaric  oxygen  effects  on 
stereopsis  and  depth  perception.  If  the  Behnke,  Forbes,  and  Motley 
(1935)  finding  of  a  decrement  in  visual  acuity  during  hyperbaric 
oxygenation  were  to  hold  up  in  additional  research  on  hyperbaric 
oxygen  effects  on  acuity,  one  would  predict  that  stereopsis  and 
depth  perception  also  would  be  affected.  If  blood  flow  to  the 
cerebral  centers  for  binocular  integration  were  to  be  severely 
inhibited  by  hyperbaric  oxygen,  even  more  dramatic  effects  on 
stereopsis  and  depth  perception  might  be  found.  However, 
researchers  should  exhibit  caution  in  subjecting  human  subjects  to 
hyperbaric  oxygen  (see  Chapter  20:  "Oxygen  toxicity") . 
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Chapter  4 
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A  fairly  large  body  of  research  on  the  effects  of  hypoxia  and 
hyperoxia  on  visual  fields  has  accumulated  ever  the  years.  These 
studies  are  partitioned  in  this  chapter  on  the  basis  of  peripheral 
and  central  fields  and  on  the  basis  of  hypoxic  and  hyperoxic 
treatments . 


Hypoxia  and  peripheral  visual  fields 

The  effects  of  hypoxia  on  size  of  the  visual  fields  has  received 
much  attention  by  researchers.  Kilmer  and  Borens  (1918;  measured 
the  size  of  the  peripheral  fields  “for  form  and  color"  in  a  low 
pressure  chamber  at  5,000,  10,000,  15,000,  and  20,000  feet.  Few 
details  and  no  statistical  treatment  of  their  data  were  provided, 
but  they  reported  there  usually  was  ;;  slight  on 3  arcrement  of  the 
fields  at  5,000  and  10,000  feet.  They  reported  that  at  15,000  feet 
a  slight  contraction  which  became  marked  at  20,000  feet.  A  return 
to  normal  fields  occurred  5  minutes  after  returning  to  sea  level  or 
after  4  or  5  minutes  of  breathing  pure  oxygen  at  20,000  feet. 

According  to  McFarland,  Evans,  and  Halperin  (1941) ,  Goldmann  and 
Schubert  (1933)  found  a  large  decrease  in  the  peripheral  visual 
fields  in  hypoxia  when  hypoxia  was  produced  either  by  decompression 
in  a  low  pressure  chamber  or  by  breathing  low  oxygen  mixtures. 
Shrinkage  was  chiefly  in  the  nasal  and  superior  fields.  A  black 
square  against  a  white  background  was  used  for  measuring  fields. 
Like  Wilmer  and  Berens  (1918) ,  but  without  knowledge  of  their  work 
(according  to  McFarland,  Evans,  and  Halperin,  1941) ,  they  found 
initial  shrinkage  at  about  14,000  feet  which  became  marked  at 
21,500  to  23,000  feet.  The  effects  were  counteracted  by  breathing 
oxygen.  According  to  Gellhom  and  Hailman  (1943)  ,  Goldmann  and 
Schubert  (1933)  also  found  a  widening  of  the  blind  spot  during 
hypoxia. 

According  to  McFarland,  Evans,  and  Halperin  (1941) ,  Kyrieleis, 
Kyrieleis,  and  Siegert  (1935)  found  no  field  changes  during 
hypoxia.  This  was  contrary  to  the  results  of  Goldmann  and  Schubert 
(1933),  whose  work  they  replicated  to  at  least  some  extent, 
including  use  of  one  of  the  same  subjects.  Like  Wilmer  and  Berens 
(1918),  Kyrieleis,  Kyrieleis,  and  Siegert  (1935)  found  a  concentric 
widening  of  the  field  at  the  onset  of  hypoxia  and  no  contractions 


at  altitudes  as  high  as  8,000  meters  (26,000  feet).  The  basic 
difference  in  their  methodology  was  that  they  used  a  bright  test 
object  against  a  dark  background  instead  of  a  dark  object  against  a 
white  background.  They  reported  the  bright  target  was  easier  to 
attend  to  under  the  distractions  produced  by  hypoxia. 

In  discussing  the  Kyrieleis,  Kyrieleis,  and  Siegert  (1935) 
study,  McFarland,  Evans,  and  Halperin  (1941)  described  a  need  to 
vary  illumination  levels  in  studies  of  hypoxic  effects  on  the 
peripheral  visual  fields.  The  implication  was  that  reduced 
sensitivity  with  hypoxia  would  take  its  toll  on  peripheral  field 
size.  Much  earlier,  Ferree  and  Rand  (1922)  discussed  the  critical 
effect  of  illumination  on  the  breadth  and  shape  of  visual  fields. 
They  found  that  by  manipulating  the  intensity  of  the  stimulus 
"zones  of  color  sensitivity  may  be  made  to  have  almost  any  breadth 
within  the  limits  of  the  field  of  vision,  to  differ  radically  in 
shape,  and  even  to  change  or  reverse  their  order  of  ranking  as  to 
breadth."  Given  that  a  key  effect  of  hypoxia  is  to  produce  retinal 
sensitivity  changes  that  mimic  changes  produced  by  reducing  the 
luminance  of  the  stimulus,  it  follows  that  hypoxic  conditions  that 
diminish  sensitivity  would  reduce  the  size  of  visual  fields  (see 
the  discussion  of  a  study  on  target  luminance  and  field  size  by 
Kahwaji,  Mateossian,  and  Griffin  (1973)  which  is  discussed  below). 

McFarland,  Evans,  and  Halperin  (1941)  reported  that  Furuya 
(1937c)  conducted  experiments  in  a  low  pressure  chamber  on  six 
subjects  and  found  a  contraction  of  the  field  which  began  at  about 
5,000  meters  (16,400  feet).  At  first  this  was  noted  in  the 
temporal  field,  especially  in  the  upper  quadrant.  Continued 
exposure  at  the  same  altitude  resulted  in  accentuation  of  the 
effect,  which  was  more  marked  in  "sympathicotonic"  than  in 
"vagotonic"  subjects.  No  discussion  of  the  defining  character¬ 
istics  of  these  two  subject  types  was  provided  by  McFarland,  Evans, 
and  Halperin. 

Livingston  (1944b)  used  a  2-mm  white  target  to  assess 
peripheral  fields  and  found  only  small  contractions  following 
nearly  an  hour  of  exposure  to  altitudes  as  great  as  19,000  feet. 
Like  Wilmer  and  Berens  (1918)  and  Kyrieleis,  Kyrieleis,  and  Siegert 
(1935),  Livingston  also  noted  that  sometimes  the  field  actually 
enlarged,  despite  an  increase  in  hypoxic  exposure.  When  Livingston 
tested  the  visual  field  during  the  breathing  of  oxygen  at  35," 
feet,  he  noted  contractions  of  the  peripheral  fields  plus  sma 
"islands"  of  insensitivity.  Although  this  was  apparently  a  general 
finding,  the  data  presented  showing  large  peripheral  contractions 
came  from  a  subject  who  was  "susceptible  to  bends,  who  developed 
severe  joint  pains  at  37,000  feet."  Nitrogen  bub’..  ?  w-.re 
considered  a  possible  basis  for  these  defects. 

Halstead  (1945a;  194fo)  studied  chronic  intermittent  hypoxia 
effects  on  peripheral  vision.  Twenty  male  subjects  meeting  pilot 
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standards  of  the  Air  Corps  were  exposed  to  a  simulated  altitude  of 
10,000  feet  in  a  low  pressure  chamber  for  5  or  6  hours  per  day,  6 
days  per  week  for  a  period  of  4  to  6  weeks.  Subjects  were  tested 
on  their  ability  to  detect  a  peripheral  stimulus  which  was  exposed 
briefly  at  the  same  time  that  a  foveal  form/color  discrimination 
was  being  made.  Apparently  there  was  no  acute  effect  of  hypoxia, 
but  it  was  found  that  3  or  4  weeks  of  exposure  to  10,000  feet 
produced  substantial  decrements  in  peripheral  fields  in  13  of  the 
20  subjects.  Briefly  exposed  peripheral  stimuli  that  previously 
had  been  recognized  quickly  went  unrecognized.  Some  of  these 
subjects  also  experienced  impaired  performance  on  the  central 
vision  task,  although  no  discussion  of  the  nature  of  these  defects 
was  given. 

Breathing  pure  oxygen  did  not  immediately  relieve  this 
decrement  in  peripheral  detection  and  it  took  a  substantial  number 
of  days  and  weeks  without  the  daily  hypoxia  for  recovery  to  occur. 
Four  subjects  likewise  were  exposed  chronically  to  higher  altitudes 
(11,500  to  18,000  feet).  Impairment  of  peripheral  vision  appeared 
earlier,  was  more  marked,  and  recovered  more  slowly.  One  subject 
who  had  demonstrated  the  decrement  was  reexposed  for  a  similar 
period,  except  that  during  the  middle  hour  of  each  daily  5-hour 
period  at  altitude,  he  breathed  pure  oxygen.  This  prevented 
development  of  the  decrements  in  performance  on  the  peripheral  task 
with  repetitive  exposure. 

An  earlier  report  by  Halstead  (1944)  of  decrements  in 
performance  on  the  same  peripheral  task  indicated  the  "constriction 
of  the  visual  field  varied  systematically  with  the  projection 
distance."  Performance  in  this  instance  was  of  a  brain-damaged 
patient  and  Halstead  (1945a)  suggested  the  "cortex  of  the  frontal 
lobes  of  the  brain"  was  the  site  of  these  decrements  in  the 
peripheral  visual  fields  of  his  normal  subjects.  On  the  other 
hand,  the  change  in  performance  with  projection  distance  suggests 
that  inability  to  maintain  accurate  focus  at  one  or  more  of  the 
distances  may  have  been  a  factor  in  performance.  This  raises  the 
real  possibility  that  the  effect  of  hypoxia  was  mediated  through 
long-term  hypoxia-induced  changes  in  the  refractive  state  of  the  65 
percent  of  subjects  who  showed  the  "insidious"  decrement  in 
peripheral  detection. 

Birren  et  al.  (1946)  measured  peripheral  fields  at  10,000, 
14,000,  15,500,  and  18,000  feet  with  a  Ferree-Rand  perimeter.  They 
found  a  significant  radial  contraction  of  about  1.3  degrees  for  the 
three  lowest  altitudes  and  this  rose  to  2.6  degrees  at  18,000  feet. 
They  measured  fields  five  tiroes  aL  approximately  equal  intervals 
during  the  l-hour  exposure  to  altitude.  The  magnitude  of  the 
constriction  was  related  directly  to  duration  of  exposure  to 
altitude  in  the  chamber,  except  at  10,000  feet  where  the 
constriction  reached  maximum  at  the  third  measurement  period. 

Field  size  then  actually  increased  slightly  for  the  final  two 
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measures.  Fatigue  effects  may  have  been  confounded  with  exposure 
duration  effects  and  recovery  effects,  since  there  was  no 
comparable  extended  testing  at  sea  level  to  assess  possible  changes 
in  the  size  of  the  visual  field  as  a  result  of  seven  repeated  tests 
of  the  visual  field  without  hypoxia. 

Vollmer  et  al.  (1946)  replicated  the  Birren  et  al.  (1946) 
research  for  10,000  and  15,500  feet  and  added  a  condition  where 
carbon  monoxide  (CO)  wan  breathed  until  carboxyhemoglobin  (COHb) 
levels  of  15  to  18  percent  were  added  to  hypoxic  effects.  The 
subjects  were  20  officers  and  enlisted  Navy  personnel  who  ranged  in 
age  from  18  to  39.  Five  measures  of  the  visual  fields  with  the 
Ferree-Rand  perimeter  were  made  during  the  exposure  to  altitude  in 
a  low  pressure  chamber.  Sea  level  measures  preceded  and  followed 
the  altitude  testing. 

The  higher  altitude  (15,500  feet)  produced  a  small  but 
significant  decrease  in  field  size  compared  to  sea  level  measures 
both  with  and  without  CO  breathing.  Breathing  CO  did  not  reduce 
performance  at  sea  level  nor  did  it  further  reduce  performance 
beyond  the  altitude  decrement  found  at  15,500  feet.  Only  five 
subjects  were  tested  at  10,000  feet,  but  they  showed  a  stronger 
effect  of  altitude  compared  to  their  sea  level  performance  than  did 
subjects  at  the  higher  elevation.  For  this  group  of  five  subjects, 
COHb  produced  a  major  shrinkage  of  sea  level  fields.  The  radius  of 
the  field  at  sea  level  with  elevated  COHb  was  more  than  four 
degrees  smaller  than  when  CO  was  not  breathed  before  testing. 

The  authors  concluded  CO  at  these  moderate  levels  had  no 
general  effect  on  visual  fields.  There  also  was  no  correlation 
between  individual  levels  of  COHb  and  changes  in  field  size.  As 
with  Birren  et  al.  (1946),  fatigue  effects  may  have  been  confounded 
with  exposure  duration  effects  and  recovery  effects  since  no 
comparable  series  of  repeated  tests  at  sea  level  was  carried  out  to 
assess  possible  effects  of  repeated  testing  without  hypoxia. 

Posternak  (1948b)  measured  the  size  of  visual  fields  for  white, 
yellow,  red,  and  blue  targets  in  six  persons  at  550  meters  and 
again  during  a  10-day  stay  at  an  altitude  of  3,450  meters.  Large 
variability  in  results  occurred  for  the  colored  test  targets  and  no 
conclusion  could  be  reached  about  average  variation  with  initial 
exposure  to  altitude  or  as  a  function  of  duration  of  the  stay  at 
altitude.  For  white,  the  results  were  less  variable  and  it  was 
concluded  that  no  change  in  the  size  if  the  visual  field  occurred 
with  altitude. 

Smith  (1965)  measured  visual  fields  with  a  Ferree-Rand 
simplified  perimeter  in  five  males  (average  age  27.4  years)  at  a 
simulated  altitude  of  18,000  feet  in  a  low  pressure  chamber. 
Measures  of  peripheral  fields  were  made  at  sea  level  and  then 
following  10,  15,  and  20  minutes  of  exposure  to  the  altitude. 
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Significant  decrements  in  relative  retinal  area  occurred  for  both 
eyes  at  IS ,000  feet  with  these  averaging  11.2  percent  after  10 
minutes,  13.0  percent  after  15  minutes,  and  17.2  percent  after  20 
minutes . 

Smith  measured  fields  again  at  5,000  feet  upon  recompression 
and  again  upon  return  to  sea  level.  Recovery  of  the  visual  fields 
with  recompression  was  rapid.  The  decrement  from  the  initial  sea 
level  visual  field  area  was  found  to  be  3.8  percent  after  a  rapid 
3.6-minute  descent  from  18,000  to  5,000  feet.  After  a  slower  10- 
minute  descent  from  5,000  feet  to  sea  level,  fields  were  2.4 
percent  less  than  their  initial  sea  level  area. 

Nelson  (1967)  measured  peripheral  fields  of  active  duty  Navy 
personnel  at  simulated  altitudes  of  8,000,  10,000,  12,500,  15,500, 
and  18,000  feet  in  a  low  pressure  chamber.  A  significant 
contraction  of  the  peripheral  fields  occurred  for  altitudes  of 
12,500  feet  and  above. 

Kobrick  (1970)  provided  some  of  the  most  interesting  data  on 
field  size  changes  with  hypoxia  and  these  data  may  provide  a  key  to 
some  of  the-  contradictions  that  exist  in  research  on  hypoxia  and 
peripheral  (and  central)  field  size.  Kobrick  used  a  projection 
perimeter  which  projected  0.5  degree  circles  of  either  red,  green, 
or  blue  light  along  12  equidistant  axes  that  included  the  vertical 
and  horizontal.  Subjects  were  tested  with  the  method  of  limits  and 
responded  when  they  first  saw  the  color  as  the  stimulus  was  moved 
inward  from  the  periphery  and  responded  again  when  color 
disappeared  as  the  stimulus  was  moved  outward  from  the  center. 
Subjects  were  tested  at  sea  level  and  also  while  breathing  low 
oxygen  mixtures  corresponding  to  oxygen  tensions  at  13,000,  15,000 
and  17,000  feet. 

Two  groups  of  12  subjects  were  tested  with  one  group  given  the 
drug  acetazolamide  and  one  group  given  a  placebo.  The  drug  has 
been  studied  as  a  possible  mean-  for  reducing  mountain  sickness  and 
was  expected  to  improve  perform,  nee  of  subjects  receiving  it. 
Acetazolamide  also  has  been  found  to  produce  transient  myopia 
(e.g. ,  Halperin  and  Kilvin,  1959) . 

Kobrick  found  substantial  constriction  of  the  visual  field  with 
greater  constriction  as  altitude  increased.  However,  this  was 
found  only  for  the  group  that  did  not  receive  the  drug 
acetazolamide.  The  acetazolamide  group  showed  almost  no  effect  of 
altitude.  However,  and  perhaps  of  more  importance,  even  the  sea 
level  performance  of  the  drug  group  showed  sharply  constricted 
peripheral  color  fields  that  were  comparable  to  the  fields  measured 
at  15,000  and  17,000  feet  in  the  no  drug  group.  These  striking 
group  main  effects  were  reported  not  to  be  significant  in  the 
report  and  the  possibility  exists  the  reduced  size  of  the  fields 
for  the  drug  group  just  relates  to  random  assignment  of  small  field 
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subjects  to  the  drug  group.  However,  that  these  subjects  showing 
snail  peripheral  field*  also  shoved  nc  altitude  effects  makes  this 
possibility  highly  unlikely. 

Myopia  reduces  field  size  (Greve  and  Furuno,  1980)  and  an 
intriguing  explanation  of  the  altitude-related  field  constriction 
for  the  group  without  the  myopia- inducing  drug  is  hypoxia  induced  a 
myopic  state  that  led  to  poorer  visibility  of  targets  used  to 
measure  visuc.1  fields.  Since  myopia  reduces  field  size,  the 
general  constriction  of  fields  at  all  altitudes  of  the  drug  group 
may  have  been  because  acetazolamide  induced  a  myopic  state  that  led 
to  poorer  visibility  of  targets  used  to  measure  visual  fields  under 
all  altitude  conditions.  The  Ohlbaum  (1969)  finding  of  a 
significant  myopic  shift  with  high  altitude  (18,000  feet)  would 
provide  support  for  such  an  explanation  of  the  hypoxia  effects, 
although  the  myopia  that  Ohlbaum  found  averaged  only  0.12  diopters. 
Carapancea,  Stefan,  and  Udrescu  (1973)  reported  even  larger  myopic 
shifts  at  "altitude"  for  hyperopic  aviators. 

Kobrick  (1970)  suggested  acetazolamide  might  have  produced  an 
immediate  decrement  on  performance  and  it  is  surprising  that  he  did 
not  discuss  the  myopia  explanation  himself,  since  he  provided  nine 
references  in  his  article  on  the  transient-myopia-inducing  effects 
of  acetazolamide  and  acetazolamide-related  drugs.  Alternatively, 
if  acetazolamide  and  hypoxia  both  produced  constriction  of  the 
pupil,  this  would  be  another  possible  explanation  of  Kobrick' s 
hypoxia  and  acetazolamide  constrictions  of  the  visual  fields  given 
the  reduction  of  field  size  with  pupillary  constriction  found  by 
McCluskey  et  al.  (1986)  which  is  discussed  below. 

Weltman,  Smith,  and  Egstrom  (1971)  found  if  subjects  simply 
believed  that  they  were  engaging  in  a  risky  dive  this  sharply 
reduced  their  ability  to  detect  peripheral  targets  that  were 
briefly  exposed  while  they  performed  a  central  visual  acuity  task. 
Anxiety  and  heart  rate  were  elevated  in  the  simulated  dive  as  well, 
and  this  group  also  showed  somewhat  slower  response  on  the  central 
acuity  task.  Performance  was  relative  to  a  control  condition  where 
subjects  knew  there  was  no  dive  in  progress.  Ernest  and  Krill 
(1971)  found  anxiety  existed  (and  led  to  hyperventilation)  in  all 
three  of  their  subjects  when  they  first  were  tested  in  hypoxic 
conditions.  This  reduction  in  detection  of  peripheral  stimuli  as  a 
function  of  anxiety  found  by  Weltman,  Smith,  and  Egstrom  (1971)  may 
well  be  the  basis  fcr  some  of  the  diminished  peripheral  fields 
found  in  studies  of  hypoxia  if  some  subjects  perceive  the  hypoxic 
treatment  as  dangerous. 

Kahwaji,  Mateossian,  and  Griffin  (1973)  did  not  investigate 
field  size  as  a  function  of  hypoxia,  but  they  did  measure  field 
size  while  systematically  varying  target  size  and  luminance,  with 
small  diameter  targets  (1  ,  2,  and  3  mm),  they  found  field  size 
increased  sharply  as  target  luminance  increased  then  decreased  for 
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very  high  levels  of  luminance.  Larger  targets  (6  and  9  mm)  shoved 
largest  field  sizes  at  lowest  levels  of  luminance  and  produced 
significantly  smaller  fields  with  increasing  luminance.  Reduced 
pupil  size  as  a  function  of  higher  target  luminance  was  suggested 
as  the  basis  for  the  reliable  decrease  in  field  size  (for  larger 
targets)  with  increasing  luminance.  Unfortunately,  pupil  size  was 
not  measured  in  their  study. 

Greve  and  Furuno  (1980)  showed  that  myopia,  even  in  the  absence 
of  glaucoma,  increased  the  size  of  the  blind  spot  "due  to  the 
myopic  conus"  and  increased  supero-temporal  refraction  defects  due 
to  the  posterior  staphyloma.  Thus  any  myopic  shifts  as  a  result  of 
hypoxia  would  be  expected  to  increase  the  measured  blind  spot  and 
to  reduce  the  extent  of  peripheral  fields. 

McCluskey  et  al.  (1986)  studied  the  effect  of  pilocarpine- 
induced  miosis  on  the  visual  field  in  normals.  Significant 
reductions  in  visual  fields  were  found  30  and  120  minutes  following 
administration  of  pilocarpine.  The  effect  was  largest  for  small 
test  objects.  Thirty  minutes  following  pilocarpine,  this  area 
decrease  was  64  percent  for  the  12e  isopter,  33  percent  for  the  13e 

isopter,  and  24  percent  for  the  I4e  isopter.  Pupil  area  had  shrunk 

from  an  average  of  14.5  mm2  to  an  average  of  2.74  mm2.  Significant 

correlations  were  found  between  pupil  area  changes  and  visual  field 

area  changes  for  the  20  patients  at  the  30-minute  test.  These 
correlations  were  even  more  significant  for  the  2-hour  test  when 
constriction  of  the  pupil  had  abated  somewhat.1  No  hypoxic 
conditions  were  included  in  the  research,  but  if  pupil  shifts  are 
produced  by  hypoxia,  as  many  researchers  have  claimed  (e.g.,  Duguet 
and  Mercier,  1951) ,  these  results  indicate  such  changes  can  be 
expected  to  influence  measures  of  field  size. 


Hypoxia  and  the  central  field 

Angioscotometry  (Evans,  1938)  involves  measurement  of  blind 
"spots"  associated  with  retinal  vessels  which  emanate  from  the 
blind  spot  of  Mariotte  and  which  typically  are  about  the  same 
distance  or  farther  from  the  fovea  than  the  blind  spot.  These  are 
measured  by  having  the  subject  carefully  fixate  a  small  fixation 
mark  while  a  tiny  white  circular  target  (0.25  mm  to  1.5  mm  in 
diameter)  is  moved  perpendicular  to  these  vessels  and  points  on  * 

either  side  of  the  vessel  where  the  target  disappears  are  noted. 

The  width  of  these  angioscotoma  varies  as  a  function  of  a  number  of 


1  This  increase  in  the  correlation  with  time  probably 
reflected  a  greater  range  of  pupil  sizes  (and  field  areas) 
associated  with  individual  differences  in  persistence  of  the 
drug-induced  miosis.  However,  measures  of  dispersion  were  not 
provided  which  would  allow  confirmation  of  this. 
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variables  ranging  from  menstruation  to  fear  (Evans  and  McFarland, 
1938)  and  including,  as  discussed  below,  hypoxia.2 

Evans  and  McFarland  (1938)  measured  the  size  of  the 
angioscotoma  while  subjects  breathed  oxygen  mixtures  corresponding 
to  elevations  of  sea  level,  13,000,  17,000  and  21,000  feet.  For 
all  four  subjects  the  width  of  the  angioscotoma  increased  as  a 
direct  function  of  altitude.  The  scotoma  doubled  in  area  for  the 
subject  who  showed  the  least  effect  going  from  sea  level  to  21,000 
feet.  For  the  subject  showing  the  greatest  effect,  the  change  was 
five-fold.  However,  it  may  not  be  a  coincidence  that  this 
extremely  large  scotoma  occurred  when  this  subject  (L.R.)  probably 
was  two  diopters  myopic  and  correcting  this  transient  myopia 
produced  a  sharp  reduction  in  scotoma  size  at  its  next  measurement, 

Seitz  and  Rosenthal  (1941)  confirmed  the  hypoxia  effect  found 
by  Evans  and  McFarland  (1938).  They  measured  angioscotorua  size  at 
sea  level  and  while  breathing  oxygen  at  a  low  tension  corresponding 
to  17,500  feet.  They  also  assessed  effects  of  local  application  of 
strychnine  to  the  eye  on  angioscotoma  size.  Their  subjects  were 
four  males  ranging  in  age  from  21  to  26  with  normal  health  and 
vision.  A  small  test  object  (0.55  mm.)  was  used  to  plot  the  blind 
spot  and  two  main  superior  angioscotomas  during  monocular  fixation. 
Measures  were  made  every  15  minutes  at  "altitude."  Strychnine  was 
applied  tc  one  eye  after  the  first  measurement.  Angioscotomas 
increased  in  area  by  a  factor  of  two  as  a  result  of  hypoxia.  Area 
returned  tc  near  normal  for  the  eye  to  which  strychnine  was  applied 
while  the  angioscotoma  in  the  control  eye  showed  no  change  in  area 
or  even  showed  a  slight  increase.  It  is  not  clear  that  strychnine 
countered  the  effects  of  hypoxia  (as  the  authors  claim)  or  whether 
it  may  have  just  increased  some  other  visual  sensitivity-related 
factor,  since  strychnine  also  sharply  reduced  the  area  of  the 
angioscotoma  when  measured  at  sea  level. 

Rosenthal  (1939)  measured  the  angioscotoma  in  15  normal  persons 
ranging  in  age  from  22  to  35  while  they  breathed  100  percent 
oxygen.  Lloyd's  stereocampimeter  and  charts  were  used  with  tiny 
white  spheres  as  targets  (0.45  to  0.52  mm  in  diameter).  A  control 
map  of  the  angioscotoma  was  made  in  normal  air  and  this  was 
followed  by  a  map  made  while  breathing  oxygen.  Five  minutes  after 
oxygen  was  removed  another  control  map  was  made.  Every  subject 
showed  a  narrowing  of  angioGcotomata  while  breathing  oxygen  and  a 
widening  of  angioscotomata  after  return  to  normal  air. 

Cusick,  Benson,  and  Boothby  (1940)  believed  the  changes  in  the 
angioscotoma  reflected  the  changes  in  size  of  the  retinal  vessels 


2  The  widening  of  the  angioscotoma  as  a  result  of  fear 
suggests  that  widening  of  the  angioscotoma  with  hypoxia  may 
actually  be  a  widening  with  hypoxia-induced  fear  or  stress. 
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that  occurred  with  hypoxia  and  hyperoxia.  Evans  and  others 
sometimes  found  changes  in  the  angioscotoma  that  were  larger  than 
these  dilations  and  constrictions,  however. 

Smith,  Seitz,  and  Clark  (1946)  looked  at  changes  in  size  of  the 
angioscotoma  over  7.5  hours  of  mild  hypoxia  in  16  male  college 
students  ranging  in  age  from  17  to  21.  A  small  test  object  (0.4 
mm.)  was  used  to  plot  the  superior  temporal  angioscotoma  of  the 
right  eye.  Fields  were  plotted  at  a  simulated  altitude  of  10,000 
feet  and  a  control  altitude  of  1,800  feet.  Altitude  was  simulated 
with  a  low  oxygen  tension  in  an  oxygen  chamber.  The  order  of 
control  and  altitude  runs  was  counterbalanced  across  subjects. 
Testing  occurred  after  the  following  exposure  times:  1.5,  3.25, 
5.25,  6.5,  and  7.5  hours. 

Control  measures  were  significantly  lower  (smaller 
angioscotomata)  than  those  at  altitude  with  the  difference  in 
campimeter  chart  units  being  about  20  percent.  Small  but 
significant  increases  on  the  order  of  10  percent  occurred  from 
first  to  last  tests  at  altitude,  but  not  for  corresponding  control 
tests,  indicating  some  cumulative  effects  of  this  relatively  mild 
hypoxia.  Tables  giving  the  individual  data  showed  striking 
individual  differences  in  size  of  these  angioscotomata  with  scores 
showing  a  range  from  less  than  200  to  more  than  600  on  the  control 
runs.  However,  in  almost  all  subjects,  the  angioscotoma  increased 
for  altitude  runs  compared  to  control  runs. 

Mercier  and  Duguet  (1950)  reported  a  brief  summary  of  work  done 
with  Bailliart  where  they  tried  to  replicate  the  results  of  Evans 
and  McFarland  (1938)  using  a  decompression  chamber.  Their  "Evan's 
angioscotometer  was  modified  by  Magitot,"  although  no  discussion 
occurred  about  what  this  modification  was  except  that  the  test 
object  was  0.3  mm  in  diameter  for  Mercier,  Duguet,  and  Bailliart 
and  0.4  mm  in  diameter  for  Evans  and  McFarland. 

Mercier,  Duguet,  and  Bailliart  could  not  even  find  the  large 
upper  temporal  scotomata  mapped  by  Evans  and  McFarland.  Instead  of 
an  increase  in  the  size  of  the  angioscotomata,  Mercier  and  Duguet 
(1950)  found  a  substantial  reduction  of  the  blind  spot  and  this 
reduction  first  was  noted  at  measures  made  at  about  3,500  meters. 
The  shrinkage  continued  up  to  6,000  meters  (apparently  as  high  as 
they  went) .  This  contraction  of  the  blind  spot  apparently  occurred 
for  all  eight  of  their  subjects  with  the  contraction  ranging  from  6 
to  80  percent  when  measured  at  6,000  meters.  One  possibly 
significant  difference  between  the  study  of  Mercier,  Duguet,  and 
??-iiliav*+’  the  study  of  Evans  and  McFarland  was  that  the  former 
used  a  decompression  chamber  to  induce  hypoxia  and  the  latter  used 
low  oxygen  mixtures. 


Mercier,  Duguet,  and  Bailliart  measured  the  blind  spot  again 
upon  return  to  normal  pressure.  For  two  of  the  subjects  the  blind 
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spot  was  of  normal  size,  for  three  it  was  enlarged,  and  for  the 
remaining  three  it  maintained  the  high  altitude  contraction. 
Mercier,  Duguet,  and  Baiiliart  also  looked  at  the  effects  of  pure 
oxygen  on  the  size  of  the  blind  spot.  Unlike  Rosenthal  (1939)  who 
found  the  angioscotoma  to  contract  when  the  subject  breathed 
oxygen,  they  found  oxygen  to  expand  the  blind  spot  to  165  percent 
of  its  original  area.  They  used  the  same  apparatus  and  appear  to 
have  used  the  same  subjects  they  had  used  to  demonstrate  the 
contraction  of  the  blind  spot  with  altitude. 

Brognoli  and  Boles  Carenini  (1952)  reported  in  their  English 
summary  that  the  blind  spot  and  angioscotomata  increased  with 
hypoxia.  They  found  the  vasodilating  drugs  amyl  nitrite  and 
nicotinic  acid  reduced  these  increased  scotomata.  Dilated  vessels 
would  be  expected  to  increase  the  angioscotoma,  according  to 
Cusick,  Benson,  and  Boothby  (1940),  and  it  appears  that  angiosco- 
tomata  changes  are  more  than  just  changes  in  vessel  size. 

Bietti  (1953),  who  headed  the  laboratory  where  the  Brognoli  and 
Boles  Carenini  research  originated,  noted  that  20  percent  of  cases 
he  had  observed  actually  had  shown  a  reduction  in  size  of  the 
angioscotomata  with  hypoxia.  Bietti  (1953)  also  described  research 
on  an  "artificial  angioscotoma"  where  similar  techniques  to 
angioscotometry  were  used  to  measure  the  width  of  a  slit  of  light 
that  was  viewed  perifoveally .  A  small  bright  spot  was  projected  on 
the  darker  background  of  the  slit  and  moved  perpendicular  to  it 
until  the  subject  noted  that  it  disappeared  (because  it  could  not 
be  seen  due  to  a  lack  of  contrast) .  The  width  of  this  "Goldmann 
slit"  was  found  to  increase  with  hypoxia  and  to  decrease  with 
hyperoxia  compared  to  its  width  in  a  normal  atmosphere. 

A  wide-measured  slit  would  imply  that  a  larger  fraction  of  the 
measuring  spot  was  needed  at  the  edge  of  the  bright  slit  to  be 
visible.  A  narrow-measured  slit  would  imply  that  only  a  small 
fraction  of  the  measuring  spot  was  needed  at  the  edge  of  the  slit 
to  be  visible.  Thus,  a  measure  of  the  width  of  this  Goldmann  slit 
would  appear  to  be  largely  a  measure  of  visual  acuity  with  a  narrow 
slit  indicating  higher  acuity.  Wide  slits  would  be  expected  (and 
were  found)  as  a  result  of  hypoxia  which  degrades  acuity.  The 
narrow  slits  found  with  hyperoxia  suggest  hyperoxia  increased 
acuity. 

Bietti  (1953)  stressed  when  measures  of  both  this  Goldmann  slit 
and  the  angioscotoma  were  made  at  the  same  session,  there  was 
considerable  independence  between  the  measures.  Wide  slits 
sometimes  went  with  narrow  angioscotomata  and  vice  versa. 
Apparently,  the  measured  size  of  the  Goldmann  slit  was  related  more 
reliably  to  hypoxia  and  hyperoxia  than  angioscotoma  size. 

The  width  of  a  retinal  vessel  might  change  as  a  result  of 
hypoxia  (and  hyperoxia) ,  but  at  least  its  shadow  would  not  be 
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altered  by  optical  changes  of  the  eye.  However,  optical  changes  of 
the  eye  would  alter  the  retinal  image  of  the  tiny  white  targets 
used  to  measure  the  angioscotomata.  Defocus  of  these  small  targets 
probably  would  enlarge  the  diameters  of  their  effective  retinal 
images  if  the  targets  were  bright  (with  strong  contrast  to  the 
background)  and  cause  a  narrowing  of  the  angioscotoma  because  they 
would  have  to  be  projected  further  into  it  before  they  would 
disappear.  If  the  targets  were  dim  (or  the  contrast  with  the 
background  were  low)  the  defocus  instead  would  reduce  their 
effective  retinal  size  and  they  would  disappear  sooner  as  they  were 
moved  into  the  vessel  shadow  and  the  scotomata  would  be  enlarged. 
With  either  dim  or  bright  targets,  if  hypoxia  were  to  increase 
refraction  of  the  eye  and  improve  the  focus  of  these  small 
measuring  targets  for  hyperopic  subjects  and  were  to  reduce  the 
focus  of  these  targets  for  emmetropes  and  myopes,  this  could 
produce  the  varying  results  with  hypoxia  for  different  subjects 
during  angioscotometry  that  Bietti  noted. 

Rosenthal  (1939)  always  found  a  contraction  of  the  angioscotoma 
when  pure  oxygen  was  breathed.  According  to  Bietti  (1953),  Duguet, 
Dumont,  and  Bailliart  (1947)  always  found  that  breathing  of  pure 
oxygen  dilated  the  angioscotoma.  If  a  consistent  refractive  shift 
(increased  focus  or  increased  blurring  of  the  retinal  image)  were 
to  occur  with  hyperoxia,  a  different  level  of  brightness  of  the 
measuring  target  in  a  different  experiment  might  account  for  these 
contradictory  results.  If  we  assume  a  consistent  improvement  of 
focus  with  hyperoxia.  The  researcher  with  dim  (or  low  contrast) 
targets  would  have  "larger"  (less  blurring  of  their  extremities) 
targets  that  would  have  to  penetrate  more  deeply  to  disappear, 
producing  narrower  measured  angioscotoma.  The  researcher  with 
bright  (or  high  contrast)  targets  would  have  "smaller"  targets 
(again  less  blurring  of  their  extremities  but  reduced  effective 
width  as  well)  that  would  more  quickly  disappear  as  they  approached 
the  vessel  "shadow,"  producing  wider  angioscotoma.  This 
explanation  would  predict  that  Rosenthal  used  relatively  dim  (or 
low  contrast)  targets  and  Duguet,  Dumont,  and  Bailliart  (1947)  used 
relatively  bright  (or  high  contrast)  targets. 

Unlike  the  shadow  of  the  retinal  vessel  which  would  not  be 
altered  by  changes  in  focus  of  the  eye,  Goldmann's  slit  would  be 
affected  by  changes  in  the  focus  of  the  eyes  with  hypoxia  as  well 
as  the  measuring  dot.  Given  their  probable  similarity  in 
luminance,  slit  and  dot  would  be  affected  similarly.  Improved 
focus  of  both  Goldmann's  slit  and  its  measuring  dot  would  be 
expected  to  narrow  the  slit  since  acuity  would  be  increased  with 
less  of  the  dot  required  to  be  external  to  the  slit  in  order  for  it 
to  be  seen.  Blurring  of  both  Goldmann's  slit  and  its  measuring  dot 
would  be  expected  to  widen  the  slit  since  acuity  would  be  reduced 
with  more  of  the  dot  required  to  be  external  to  the  slit  in  order 
for  it  to  be  seen. 


Hyperoxia  and  peripheral  visual  fields 

Behnke,  Forbes,  and  Motley  (1935)  measured  visual  fields  before 
and  after  breathing  oxygen  under  pressure  in  four  "healthy  young 
men."  The  subjects  breathed  pure  oxygen  via  a  mask  or  helmet  in  a 
large  pressure  chamber  at  a  pressure  of  three  atmospheres  for  a 
period  of  at  least  3.5  hours  and  up  to  4  hours.  Measurements  were 
regularly  made  of  leucocyte  count,  blood  pressure,  heart  rate, 
respiratory  rate,  minute  volume,  visual  acuity,  area  of  the  visual 
field,  and  duration  of  a  negative  afterimage  formed  by  viewing  a 
red  and  green  cross  for  20  seconds.  Changes  in  visual  fields  were 
not  noted  during  the  first  3  hours  of  hyperoxygenation.  During  the 
4th  hour,  contraction  of  the  visual  fields  began.  Contraction 
ranged  from  one  half  the  initial  area  for  one  subject  to  as  much  as 
the  10-degree  circle  of  the  perimeter  chart  for  another  subject. 
Recovery  following  exposure  to  air  took  50  minutes  in  one  extreme 
contraction.  In  one  session,  the  contraction  suggested  left 
temporal  hemianopsia  and  the  right  pupil  was  dilated  to  a  greater 
degree  than  the  left. 

Miller  (1958)  was  concerned  that  the  Behnke,  Forbes,  and  Motley 
(1935)  result  might  indicate  field  reduction  for  pilots  who 
breathed  pure  oxygen  for  extended  periods.  He  measured  peripheral 
fields  of  six  male  Navy  enlisted  personnel  while  they  breathed  100 
percent  oxygen  at  normal  ground  level  pressure  for  4  hours.  Miller 
found  that  hourly  measures  during  hypoxia  showed  near  identical 
fields  to  those  measured  over  comparable  periods  in  air.  The  blind 
spot  also  was  outlined  and  it  remained  essentially  the  same  for  all 
measurement  conditions.  Inspection  of  Miller's  Figure  1  largely 
supports  these  claims  of  no  effects  of  hyperoxia  for  large  test 
objects  (6/333)  and  for  a  small  red  test  object  (S/1000)  which 
caused  the  smallest  measured  field.  The  one  possible  exception  is 
that  there  is  a  one-  to  three-degree  constriction  of  fields  for 
oxygen  compared  to  air  for  all  hourly  tests  when  a  small  white 
(9/1000)  test  object  was  used  to  measure  fields  on  a  tangent 
screen.  This  greater  constriction  with  oxygen  than  air  increased 
with  exposure  time. 

According  to  Paulson  and  Ryan  (1981),  Gallagher  et  al.  (1965) 
investigated  the  effects  of  breathing  100  percent  oxygen  at  sea 
level  for  24  hours  and  found  no  significant  changes  in  a  wide 
variety  of  visual  functions  including  perimetry. 

Rosenberg,  Shibata,  and  Maclean  (1966),  found  that  inhalation 
of  oxygen  at  three  atmospheres  for  up  to  3  hours  produced  bilateral 
constriction  of  the  visual  fields  in  two  of  seven  human  subjects. 
Little  discussion  of  these  defects  occurred,  but  the  field 
reductions  were  accompanied  by  lights  that  "appeared  too  bright" 
and  a  distortion  in  the  appearance  of  objects.  Vision  returned  in 
both  cases  to  normal  40  minutes  after  the  experiment.  Hyperven- 
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tilation  and  hypocapnia  occurred  in  five  of  the  six  subjects  for 
whom  blood  samples  were  obtained.  Arterial  CO2  tension  began  vo 
decrease  during  the  first  5  minutes  cf  oxygen  breathing  and 
continued  until  it  reached  35  mm  Hg  after  about  90  minutes  and 
remained  at  that  level  for  the  3  hours  of  exposure  to  hyperbaric 
oxygenation.  Although  we  have  noted  hyperventilation  frequently  in 
the  research  on  hypoxia,  this  hyperventilation  during  hyperoxia 
indicates  that  it  is  probably  anxiety  associated  with  chamber 5 
and/or  breathing  masks  that  produces  much  of  the  hyperventilation 
for  both  hypoxic  and  hyperoxia. 

Anderson  (1968)  also  measured  fields  while  oxygen  was  breathed 
under  pressure  but  hyperbaric  oxygen  was  presented  for  only  a 
relatively  brief  period.  He  reported  no  effects  on  visual  fields 
of  20  minutes  of  exposure  to  100  percent  oxygen  at  a  pressure  of 
3.04  atmospheres.  He  also  tested  subjects  after  breathing  pure 
oxygen  at  normal  pressure  for  15  minutes  and  after  breathing  air  at 
3.04  atmospheres  for  8  minutes.  In  none  of  these  conditions  was 
there  any  deviation  in  peripheral  fields  from  fields  measured  while 
breathing  air  at  normal  atmospheric  pressure  and  he  concluded  that 
only  with  extended  exposures  like  those  of  Behnke,  Forbes,  and 
Motley  (1935)  would  the  field  defects  appear. 


Conclusions  and  research  needs 

The  occasional  expansions  of  visual  fields  with  initial 
exposures  to  hypoxia  or  with  low  levels  of  hypoxia  may  be  spurious, 
but  a  number  of  studies  reported  them.  They  may  have  their 
parallel  in  research  on  sensitivity  that  showed  nonlinear 
sensitivity  decrements  and  even  some  increases  in  sensitivity  as 
hypoxia  became  more  severe.  Refraction  and  pupil  size  both  have 
effects  on  the  size  of  peripheral  fields  and  some  studies  have 
reported  hypoxia  effects  on  refraction  and  pupil  size.  Hypoxic 
changes  in  refraction  and/or  the  pupil  may  explain  these  unexpected 
field  changes. 

The  single  study  found  that  investigated  carbon  monoxide 
effects  on  peripheral  fields  produced  mixed  results  with  a 
decrement  in  the  size  of  fields  at  sea  level  and  no  decrement  at 
altitude.  Studies  using  hyperbaric  oxygenation  found  reduced  field 
size,  but  apparently  only  when  exposures  were  for  long  periods  and 
only  for  susceptible  subjects.  Hyperventilation  occurred  in  one 
study  of  hyperbaric  oxygenation  and  may  have  influenced  field  size. 
No  studies  were  found  which  looked  at  the  effects  of 
hyperventilation  during  normal  air  breathing  on  visual  fields. 

Peripheral  and  central  fields  do  not  appear  to  lend  themselves 
readily  to  research  on  hypoxia.  The  multitude  of  influences  other 
than  hypoxia  make  interpretation  of  results  difficult.  One  study 
showed  that  peripheral  detection  deteriorated  sharply  when  there 


was  only  a  make-believe  dive.  Hypoxia  may  influence  diverse  ocular 
systems  with  contradictory  effects  on  field  extent.  Until  there  is 
better  understanding  of  effects  of  hypoxia  and  hypocapnia  on 
retinal  sensitivity,  the  pupil,  and  refraction,  there  will  be 
difficulties  of  understanding  the  effects  of  hypoxia  on  visual 
field  size  which  is  strongly  influenced  by  illumination,  pupil 
size,  and  refractive  errors. 
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Chapter  5 


Critical  flicker/fusion  frequency 

Humans  and  other  animals  have  a  limited  ability  to  resolve  the 
separate  flashes  of  a  flashing  light  as  the  flash  rate  increases. 
The  increasing  flash  rate  which  causes  this  flashing  stimulus  to  no 
longer  be  seen  as  flickering  is  known  as  the  critical  fusion 
frequency.  The  critical  flicker  frequency  is  the  decreasing  flash 
rate  that  causes  a  "fused"  flashing  light  (or  illuminated  surface) 
to  first  be  perceived  as  flickering.  The  critical  flicker/fusion 
frequencies  have  been  used  widely  as  a  measure  of  visual  and  brain 
sensitivity.  Landis  (1954)  and  Simonson  and  Brozek  (1952)  have 
provided  reviews  of  the  critical  flicker/fusion  frequency  (CFF) . 

Hyperventilation  reduces  alveolar  and  arterial  C02  level?  and 
this  hypocapnia  has  marked  effects  on  the  CFF  and  absolute  visual 
sensitivity  (Alpem  and  Hendley,  1952)  .  Hyperventilation  is 
included  in  the  review  because  it  frequently  is  stimulated  by 
hypoxia  (e.g.,  Ernest  and  Krill,  1971).  Any  discussion  of  the 
effects  of  low  C02  levels  on  the  CFF  also  requires  consideration  of 
the  effects  of  elevated  levels  of  C02  on  visual  performance  and  a 
few  of  the  following  studies  deal  with  the  effects  of  elevated  C02 
on  the  CFF. 

There  is  a  large  volume  of  research  on  the  CFF  and  studies  of 
the  effects  of  hypoxia  and  hyperventilation  are  discussed  first  in 
this  review.  Research  on  carbon  monoxide  effects  and  research  on 
effects  of  hyperoxia  are  discussed  in  later  sections. 


Hypoxia  and  hypocapnia  and  the  CFF 

The  CFF  apparently  was  first  used  to  assess  the  effects  of 
hypoxia  on  visual  sensitivity  by  Seitz  (1940),  who  obtained 
°vtensive  data  from  one  undergraduate  student  and  three  graduate 
r  .  ’-j.nts.  A  six-degree  circular  flashing  area  with  a  small 

w  f d  fixation  spot  was  viewed  through  a  two-mm  artificial  pupil 
1.  a  •  ’  range  of  illuminations.  Testing  occurred  in  an  oxygen 
.'■nadL.  hile  subjects  breathed  air  or  lower  oxygen  concentrations 
vh« n  c  air  down  to  10.57  percent  oxygen  for  some  sessions  and 

»wn  9  j  percent  oxygen  for  others.  The  stimulus  distance  was 

-  cit-ied.  Each  session  was  begun  with  2  minutes  of  light 

on  followed  by  30  minutes  of  dark  adaptation.  Measurements 
K  .oar.  t.  the  lowest  illumination  with  adaptation  to  the  particular 
|  :  1;  ice  for  2  minutes  prior  to  measures  of  the  fusion  frequency. 


Subjects  always  adjusted  the  flicker  rate  upward  until  fusion 
occurred.  Later  experiments  used  only  a  single  luminance  target 
cor  the  entire  session. 

The  first  experiments  of  Seitz  used  gradual  ‘'ascents"  requiring 
7.5  hours  to  reach  an  oxygen  tension  equivalent  to  the  tension  at 
22,000  feet  and  they  did  not  show  consistent  effects  of  hypoxia  on 
the  CFF.  Faster  ascents  to  17,500  and  20,000  feet  (15  minutes  from 
sea  level  to  17,500  feet  and  18  minutes  from  sea  level  to  20,000 
feet)  did  show  decrements  in  CFF,  but  then  it  took  about  an  hour  at 
this  altitude  before  the  maximum  decrement  occurred.  Both  rod  and 
cone  levels  of  luminance  showed  aecrements  in  the  CFF  during 
hypoxia,  although  the  decrement  with  hypoxia  typically  was  larger 
for  the  cone  luminance  levels.  During  the  testing  session  with 
rapid  reductions  in  oxygen  tension,  two  series  of  measurements 
occurred  and  the  second  series  of  measurements  at  altitude 
typically  showed  larger  effects  than  the  first  series,  indicating  a 
cumulative  effect  of  hypoxia.  However,  it  is  puzzling  that  while 
the  earlier  gradual  7.5-hour  "climb"  to  22,000  feet  prevented 
decrements  in  the  CFF,  the  rapid  exposure  to  hypoxia  that  occurred 
in  the  later  experiments  required  at  least  an  hour  of  exposure  to 
hypoxia  to  produce  a  maximum  effect.1  Subjects  did  not  spend  more 
than  2  hours  at  "altitude"  an  these  later  experiments  and  it  would 
be  interesting  to  see  if  longer  periods  would  have  produced 
adaptation  such  as  that  in  the  earlier  7.5-hour  exposure  to  a 
gradually  decreasing  oxygen  tension. 

Seitz  found  -ecovory  of  the  CFF  upon  return  to  normal  air 
typically  took  :„uch  longer  than  the  few  minutes  required  for 
recovery  of  visual  sensitivity  in  absolute  sensitivity  experiments 
(e.g.,  McFarland  and  Evans,  1939).  Recovery  of  the  CFF  to 
prehypoxia  levels  typically  required  at  least  30  minutes. 

Strychnine  applied  to  the  eye  improved  CFF  for  that  eye,  both  in 
normal  air  and  with  reduced  oxygen  tension. 

All  measures  made  by  Seitz  were  of  fusion,  i.e.,  frequencies 
always  we:e  varied  in  an  increasing  direction  from  lev  flickering 
levels.  This  may  have  masked  some  of  the  hypoxia  effects  if,  os 
would  be  expected,  subiects'  responses  indicating  fusion  were 
slowed  by  hypoxia  (e.g.,  McFarland,  1937b)  and  the  flash  frequency 
actually  was  increased  to  a  level  greater  than  the  point  required 
for  fusion. 


1  Hyperventilation  may 
reduction  of  oxygen  tension 
boosted  arterial  oxygen  may 
dec  rements . 


have  occurred  early  in  thin  rapid 
and  the  resultant  hypocapnia  and 
have  i nit ia i  X'!  ooer, fered  hvooxin 
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Gellhorn  and  Hailman  (1944)  measured  both  CFF  and  the  occipital 
ELG  during  6-  to  17-minute  exposures  to  severe  hypoxia  and  during 
exposure  to  hypoxia  with  elevated  C02.  Subjects  were  medical 
students  aged  20  to  25  who  viewed  a  two-degree  visual  field  through 
an  artificial  pupil.  As  with  Seitz,  only  fusion  thresholds  were 
measured.  A  small  decrement  in  the  CFF  was  found  while  breathing 
8.4  percent  oxygen  and  this  became  a  substantial  effect  when 
tension  dropped  to  7.8  percent  in  the  same  session.  Gellhorn  and 
Hailman  found  that  occipital  EEG  changed  when  the  CFF  was  reduced 
sharply  with  the  alpha  rhythm  typically  being  replaced  by  slower 
wave  activity. 

Gellhorn  and  Hailman  also  found  administration  of  3  percent  or 
3.6  percent  C02  along  with  the  low  oxygen  mixtures  typically 
reduced  or  prevented  decrements  in  the  CFF,  except  when  even  lower 
levels  of  oxygen  were  breathed  (6.2  percent).  These  improvements 
in  the  CFF  when  breathing  C02  are  somewhat  surprising  since 
hypercapnia  typically  reduces  the  CFF  and  hypocapnia  increases  it 
(see  below) .  It  is  highly  probable  hyperventilation  was  generated 
by  the  three  percent  C02  and  that  this  actually  reduced  alveola - 
and  blood  C02  levels,  despite  the  slightly  increased  levels  of  C02 
in  inspired  air.  Schaefer  and  Carey  (1953)  found  that  C02  levels 
had  to  be  above  five  percent  to  reduce  the  CFF.  The  probable 
hyperventilation  also  would  boost  oxygen  levels  countering  some  of 
the  effects  of  severe  hypoxia. 

These  remarkably  low  levels  of  oxygen  tension  corresponding  to 
altitudes  of  about  25,000  feet  apparently  were  withstood  well  by 
the  subjects  of  Gellhorn  and  Hailman.  However,  exposure  periods 
were  short  relative  to  more  typical  experimental  hypoxic 
treatments.  Severe  symptoms  were  noted  by  Gellhorn  and  Hailman 
when  the  oxygen  concentration  was  lowered  further  to  five  percent, 
even  in  the  presence  of  three  percent  C02 . 

Birren  et  al.  (1946)  also  assessed  the  effects  of  hypoxia  on 
the  CFF.  They  tested  4  subjects  at  18,000  feet,  17  subjects  at 
15,500  feet,  11  subjects  at  14,000  feet,  and  24  subjects  at  10,000 
feet.  No  discussion  of  sex  or  age  of  subjects  was  given,  but  they 
probably  were  males  of  pilot  age.  A  one-degree  test  object  was 
viewed  at  a  distance  of  18  inches.  The  method  of  limits  was  used 
with  the  threshold  approached  alternately  from  above  and  below. 
Averages  were  obtained  of  10  readings  at  sea  level  and  4  readings 
at  altitude.  Unlike  Seitz  (1940)  who  presented  low  oxygen  mixtures 
at  ground  level,  Birren  et  al.  (1946)  used  a  low  pressure  chamber 
and  exposed  subjects  to  noru.il  air  at  the  four  simulated  altitudes 
with  a  separate  1-hour  session  at  each  altitude.  They  also 
measured  the  size  of  peripheral  visual  fields  in  their  experimental 
sessions . 

Both  field  size  and  the  CFF  decreased  with  hypoxia  with  effects 
related  to  the  degree  of  hypoxia.  The  perimetry  results  were 
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discussed  in  the  previous  chapter.  Decompression  to  18,000  feet 
produced  a  substantial  decrement  in  the  CFF  compared  to  the 
decrement  from  sea  level  observed  at  14,000  feet  and  15,500  feet. 
The  decrements  in  the  CFF  appeared  at  the  first  of  five  measure¬ 
ments  at  altitude  and  increased  slightly  over  the  course  of 
testing.  Testing  immediately  after  recompression  to  sea  level 
showed  a  decrement  of  the  CFF  compared  to  the  initial  sea  level 
readings.  Although  8  subjects  either  collapsed  or  approached 
collapse  and  were  unable  to  complete  testing  at  18,000  feet,  their 
average  CFF  change  prior  to  leaving  the  experiment  actually  was 
less  than  those  who  completed  the  hour  at  18,000  (1.16  flashes  per 
second  vs.  2.49  flashes  per  second).  However,  the  small  number  of 
subjects  (four)  at  18,000  feet  prevented  generalizations  about 
these  reversed  altitude  effects. 

Vollmer  et  al.  (1946)  assessed  both  altitude  and  CO  effects  on 
the  CFF  (also  on  field  size  and  body  sway)  using  a  highly  similar 
testing  procedure  to  that  of  Birren  et  al.  (1946).  Twenty  officers 
and  enlisted  Navy  personnel,  18-39  years  of  age,  viewed  a  one- 
degree  CFF  test  object  at  a  distance  of  18  inches.  Thresholds  were 
approached  alternately  from  above  and  below.  A  low  pressure 
chamber  was  used  to  simulate  altitudes  of  10,000  and  15,500  feet. 
Altitude  (15,500  feet)  produced  a  small  but  significant  decrease  in 
the  CFF  and  field  size  both  with  and  without  CO  breathing.  As  will 
be  discussed  later  in  the  section  on  CO-breathing  effects,  CO  aid 
not  reduce  performance  beyond  the  decrement  with  hypoxia  alone. 

Lilienthal  and  Fugitt  (1946)  also  assessed  the  effects  of 
altitude  and  low  levels  of  COHb  on  sensitivity  to  flicker.  Five 
18-year-old  males  who  had  been  examined  and  accepted  for  flight 
training  viewed  a  five-mm  neon  glow  tube  through  a  12-inch  viewing 
tube  which  made  a  CFF  stimulus  of  0.94  degrees  visual  angle.  Rapid 
rates  of  flicker  that  produced  fusion  were  presented  and  the  rate 
was  decreased  steadily  until  flicker  onset  was  observed.  Then  the 
rate  was  abruptly  increased  and  the  measurement  repeated.  Three 
such  determinations  were  made  within  10  to  15  seconds.  At  that 
point,  the  subject  withdrew  his  eye  from  the  viewing  tube,  rested 
for  2  to  3  minutes,  and  the  three  determinations  were  repeated.  No 
mention  was  given  of  an  artificial  pupil  in  the  viewing  tube  and 
probably  none  was  used. 

Without  elevated  COHb,  decompression  to  10,000  feet  produced  a 
significant  decrement  in  the  CFF  for  two  of  the  five  subjects, 
decompression  to  11,000  feet  produced  a  significant  decrement  for 
four  of  the  five,  and  decompression  to  12,000  feet  produced  a 
significant  decrement  for  all  five.  No  discussion  of  the  possible 
bases  for  the  individual  differences  in  CFF  decrements  with  hypoxia 
was  given.  Ten  minutes  of  breathing  pure  oxygen  at  11,000  and 
12,000  feet  restored  the  CFF  to  sea  level  values.  The  detrimental 
effects  found  as  a  result  of  breathing  CO  at  altitude  are  described 
in  a  later  section  of  this  chapter. 


Adler  et  al.  (1950)  studied  the  effect  of  various  drugs  on 
psychomotor  performance  at  ground  level  and  at  simulated  altitudes 
up  to  18/000  feet  in  a  low  pressure  chamber,  sixteen  subjects 
viewed  a  constant  light  source  that  was  not  described,  but  given 
the  methodology  of  research  by  some  of  the  same  researchers  (Krasno 
and  Ivy,  1950)  it  was  probably  a  0.75  degree  by  0.92  degree 
rectangle  viewed  at  100  cm.  This  light  source  vas  interrupted  by  a 
sectored  disk.  Subjects  began  viewing  at  fusion  levels  and 
reported  when  flicker  was  first  seen.  Testing  occurred  in  a 
decompression  chamber  at  ground  level  then  at  10,000,  15,000,  and 
18,000  feet.  Numerous  other  tests  were  given  as  well.  Various 
drugs  and  a  placebo  were  compared. 

The  placebo  condition  at  sea  level  produced  a  significantly 
higher  OFF  than  at  the  two  higher  altitudes  with  the  maximum 
decrement  in  the  CFF  found  at  the  maximum  altitude  of  18,000  feet. 
Drugs  reduced,  but  typically  did  not  eliminate  the  hypoxia  effects. 
A  figure  provided  in  the  report  indicated  flicker  thresholds  that 
are  different,  perhaps  five  per  second  greater,  than  presumably  the 
same  data  presented  in  their  Table  1.  However,  the  differences 
between  sea  level  CFF  and  altitude  CFF  appear  to  be  the  same  in  the 
figure  and  the  table.  The  use  of  only  decreasing  flash  rates  (to 
flicker)  would  produce  apparent  CFF  decrements  if  subjects' 
reactions  to  indicate  flicker  were  delayed  by  hypoxia  or  drugs. 

This  research  of  Adler  et  al.  (1950)  was  carried  out  over  an 
extended  period  of  about  10  weeks  and  subjects  were  exposed  to 
18,000  feet  without  oxygen  two  or  three  tiroes  a  week.  The  CFF 
showed  a  progressive  decline  over  this  long  period  both  when 
measured  at  sea  level  and  at  altitude.  There  was  an  S.6  flashes 
per  second  average  drop  over  the  long  period  at  sea  level .  This 
drop  was  significant,  but  the  corresponding  2.9  flashes  per  second 
average  drop  over  the  long  period  at  18,000  feet  was  not 
significant.  This  decrement  in  the  CFF  with  exposures  to  hypoxia 
over  many  days  appeared  to  parallel  the  long-term  decrements  in 
visual  field  size  which  were  described  by  Halstead  (1945a;  1945b) 
following  repeated  exposures  to  altitude  (see  Chapter  4:  "Fields  of 
peripheral  and  central  vision") . 

Scow,  Krasno,  and  Ivy  (1950)  studied  the  immediate  and 
cumulative  effects  on  psychomotor  performance  of  exposure  to 
hypoxia,  high  altitude,  and  hyperventilation.  The  subjects  were  11 
medical  and  graduate  students  who  provided  measures  of  the  CFF, 
pursuit  meter  performance,  tapping  rate,  and  tremor  both  at  ground 
level  and  at  18,000  feet.  They  also  performed  these  tasks 
following  hyperventilation  at  ground  level  and  with  supplemental 
oxygen  at  35,000  feet.  No  description  of  the  CFF  stimulus  or  task 
was  given,  but  they  probably  used  the  Krasno  and  Ivy  (1950) 
apparatus  for  measuring  the  CFF  (0 . 75-degree  by  0.92-degree 
rectangle  when  viewed  at  100  cm)  and  probably  followed  the  Krasno 
and  Ivy  procedure  of  use  of  all  descending  trials  (flicker 
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threshold).  Significant  decrements  at  18,000  feet  without  oxygen 
were  found  on  all  measures.  The  CFF  was  more  than  four  flashes  per 
second  lower  when  measured  at  altitude  than  when  measured  at  sea 
level.  Hyperventilation  did  not  produce  any  changes  in  the  CFF  or 
in  other  measures  nor  did  breathing  pare  oxygen  at  35,000  feet. 

Simonson  and  Winchell  (1951)  studied  the  effects  of  low  oxygen 
and  high  C02  on  the  fusion  frequency  of  flicker.  Thirteen  normal 
healthy  men  aged  between  21  and  35  viewed  a  one-cm-diameter  test 
patch  subtending  a  visual  angle  of  one  degree  (57  cm  viewing 
distance) .  The  illumination  was  50  fl  and  the  dark-light  ratio  was 
60:40.  The  exposure  time  of  this  flickering  stimulus  was  only  1 
second  (to  prevent  adaptation  effects) .  The  schedule  of  gas 
breathing  was  3  to  5  minutes  of  room  air,  followed  by  12  minutes  of 
5  percent  C02  and  95  percent  oxygen.  This  was  followed  by  10 
minutes  of  normal  air  which  was  followed  by  14  percent  oxygen  for 
12  minutes.  Oxygen  saturation  was  measured  with  a  Millikan 
oximeter. 

Eleven  of  the  13  subjects  showed  a  drop  in  the  CFF  while 
breathing  the  low  oxygen  mixture  with  the  average  drop  being  2 . 3 
flashes  per  second.  Arterial  oxygen  saturation  during  breathing  of 
the  14  percent  oxygen  dropped  6.3  percent,  on  the  average,  with  no 
correlation  found  between  this  drop  for  individuals  and  their  drop 
in  the  CFF.  The  C02  mixture  caused  a  drop  in  the  CFF  for  all 
subjects,  despite  the  high  oxygen  tension  of  this  mixture.  This 
drop  averaged  3.9  flashes  per  second.  This  drop  was  not  only 
greater  than  for  14  percent  oxygen,  it  was  much  more  rapid,  with  a 
three-flash-per-second  drop  already  present  at  the  fourth  minute. 

Large  individual  differences  were  found  in  the  decrements  in 
the  CFF  associated  with  breathing  both  gas  mixtures.  C02- 
breathing  increased  pulmonary  ventilation  by  129  percent,  on  the 
average,  but  there  was  no  correlation  between  individual 
ventilation  levels  and  individual  CFF  levels.  A  high  correlation 
(r~.97)  was  found  between  the  initial  CFF  and  the  drop  in  the  CFF 
during  breathing  of  C02.  This  suggests  those  subjects  who  had 
engaged  in  some  initial  hyperventilation  prior  to  breathing  C02  and 
who  had  an  elevated  CFF  as  a  result  of  hyperventilation-induced 
hypocapnia  (Alpern  and  Hendley,  1952)  were  responsible  for  the  high 
correlation  with  subsequent  CFF  drops  produced  by  the  C02 
breathing.  A  much  smaller  correlation  was  found  between  the 
initial  CFF  level  and  the  drop  in  the  CFF  during  low-oxygen 
breathing  (r«.42)  and  this  may  simply  reflect  regression  to  the 
mean.  Problems  with  the  research  included  a  critical  missing 
control  condition  with  similarly  extended  testing  of  the  CFF  while 
breathing  normal  air.  Studies  have  shown  that  there  is  a 
"vigilance"  decrement  in  the  CFF  (Waller  and  Levander,  1980)  and 
this  may  have  accounted  for  part  of  the  drop  in  the  CFF  with  both 
gas  mixtures. 
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Alpcm  and  Hendley  (1952)  determined  the  effects  of 
metabolically-induced  blood  pK  changes  and  respiration-induced 
blood  pH  and  blood  CO2  changes  on  visual  sensitivity  and  the  CFF. 
Their  subjects  included  a  total  of  28  normal  young  adults  for 
various  conditions  of  the  study.  Visual  thresholds  were  discussed 
in  an  earlier  chapter.  The  CFF  was  measured  while  viewing  (with  an 
artificial  pupil)  a  circular  2.3-degree  test  field  against  an 
annular  background  with  an  external  diameter  of  6  degrees.  Talbot 
luminances  of  the  flashing  stimulus  were  0.25,  4,  400,  and  4,500 
ml.  Annular  backgrounds  were  equated  in  luminance  for  lower 
luminances,  but  held  at  a  maximum  of  35  ml.  Metabolic  acidosis  was 
produced  by  oral  administration  of  ammonium  chloride.  Metabolic 
alkalosis  was  produced  by  oral  administration  of  sodium 
bicarbonate.  Respiratory  acidosis  was  produced  by  having  the 
subject  breathe  a  mixture  of  7  percent  CO?  and  93  percent  oxygen. 
Respiratory  alkalosis  was  produced  by  having  the  subject 
hyperventilate  voluntarily. 

Respiratory  acidosis  significantly  reduced  the  CFF  at  the  two 
luminance  levels  tested  (4  and  400  ml) .  Respiratory  alkalcsis 
significantly  increased  the  CFF  at  all  four  luminance  levels  where 
it  was  tested.  Neither  metabolic  acidosis  nor  metabolic  alkalosis 
significantly  changed  the  CFF.  The  implication  of  these  results 
was  that  it  was  levels  of  blood  C02  and  not  pH  levels  in  the  blood 
that  altered  vision.  One  problem  with  the  research  was  that 
metabolic  serum  pH  changes  were  somewhat  less  than  respiratory 
serum  pH  changes  and  this  could  account  partly  for  why  metabolic 
changes  did  not  significantly  influence  the  CFF  (and  absolute 
sensitivity) .  It  was  not  clear  why  such  wide  fluctuations  existed 
in  numbers  of  subjects  for  different  conditions  or  why  there  was  a 
failure  to  assess  respiratory  acidosis  effects  at  all  luminances  at 
which  respiratory  alkalosis  was  assessed. 

Schaefer  and  Carey  (1953)  measured  the  CFF  and  EEG  in  10 
subjects  who  were  exposed  to  1.5,  3.4,  5.4,  and  7.5  percent  C02 
over  a  period  of  20  minutes.  They  used  the  Krasno  and  Ivy  (1950) 
apparatus  for  measuring  the  CFF  (a  0.75-degree  by  0.92-  degree 
rectangle  when  viewed  at  100  cm) .  They  found  that  a  concentration 
of  five  percent  C02  or  higher  produced  a  significant  drop  in  the 
CFF,  a  decreasing  qualitative  blocking  effect,  and  an  increased 
alpha  blocking  time.  There  was  too  litcle  discussion  in  this 
abstract  to  determine  if  problems  existed  in  the  research. 

However,  if  they  followed  the  Krasno  and  Ivy  procedure  of  use  of 
all  descending  trials  (flicker  thresholds),  any  decrement  produced 
by  C02  on  response  speed  partially  could  account  for  these  effects. 

Bietti  (1953)  described  research  by  Bietti,  Grignolo,  and  Boles 
Carenini  which  apparently  showed  a  reduction  in  the  CFF  during 
hypoxia.  This  occurred  both  at  low  luminance  levels  affecting  only 
rods  and  higher  luminance  levels  affecting  cones. 
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Rokseth  and  Lorentzen  (1954)  looked  at  the  combined  effect  of 
alcohol  and  hypoxia  on  the  OFF.  They  tested  25  healthy  male 
students  and  Norwegian  Medical  Corps  personnel.  The  CFF  was 
measured  under  conditions  of  hypoxia  alone,  alcohol  alone,  both 
hypoxia  and  alcohol,  and  neither  hypoxia  nor  alcohol.  The  CFF 
stimulus  was  1.5  cm  in  diameter  and  viewed  at  75  cm  (1.15  degrees). 
Hypoxia  was  produced  by  decompression  to  an  altitude  of  10,000  feet 
with  hypoxia  lasting  for  4  hours.  Measures  of  the  CFF  involved 
both  a  decrease  of  flash  frequency  until  flicker  was  detected  and 
an  increase  in  flash  frequency  until  fusion  was  detected  with  10 
such  frequency  measures  averaged. 

Hypoxia  reduced  the  CFF  and  this  decrement  became  larger  over 
the  4-hour  session.  Blood  alcohol  levels  of  0.03  to  0.04  percent 
also  produced  significant  CFF  decrements.  The  effect  of  alcohol 
decreased  over  the  4-hour  session  as  the  blood  alcohol  level 
dropped.  The  combined  effects  of  alcohol  and  hypoxia  on  the  CFF 
largely  were  equivalent  to  adding  the  separate  decrements  for 
alcohol  alone  and  hypoxia  alone.  Oxygen  saturations  of  the  blood 
with  hypoxia  alone  ranged  from  83  to  90  percent.  Oxygen 
saturations  of  the  blood  when  hypoxia  and  alcohol  were  combined 
ranged  from  75  to  85  percent.  No  blood  oxygen  saturation  measure 
was  reported  for  alcohol  at  sea  level. 

Jorgensen  (1955)  studied  the  effects  of  hyperventilation  on  the 
CFF  with  foveal  images  of  different  sizes.  It  is  not  clear  whether 
the  subject  was  one  young  emmetrope  with  normal  vision  and  no  eye 
diseases  or  whether  there  were  more  subjects  with  this  profile. 
However,  it  appears  that  only  a  single  subject's  data  was 
presented.  A  wide  range  of  sizea  of  flickering  targets  were  used 
from  smallest  visible  to  "covering  the  entire  rod-free  zone." 
Testing  occurred  with  and  without  a  white  background  for  the 
flickering  stimulus. 

Hyperventilation  increased  the  rate  at  which  flicker  was  seen 
over  the  rate  without  hyperventilation  for  virtually  all  sizes  of 
targets.  Testing  began  after  5  minutes  of  hyperventilation  and  the 
maximum  increment  in  the  CFF  with  hyperventilation  typically 
occurred  15  to  30  minutes  after  hyperventilation  was  begun. 

When  this  hyperventilation  increment  in  the  CFF  was  plotted  as 
a  function  of  retinal  size  of  the  target,  it  took  the  form  cf  a 
double-peaked  curve  as  retinal  size  of  the  targets  increased.  This 
double-peaked  function  undoubtedly  was  related  to  the  fact  that  the 
series  of  increasing  sized  targets  was  presented  twice,  once  at  a 
distance  of  7  meters,  providing  the  small  retinal  images,  and  again 
at  70  cm,  providing  the  large  retinal  images.  The  two  peaks  were 
near  the  midpoint  of  each  of  these  two  series  of  actual  target 
sizes  and  the  smallest  and  largest  actual  targets  produced  minimum 
or  near-minimum  CFF  increments  with  hyperventilation  at  both 
presentation  distances. 
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It  is  obvious  the  different  presentation  distances  had  an 
independent  effect  on  the  CFF  that  largely  overrode  the  continuum 
of  retinal  image  size  generated  by  presenting  the  series  of  targets 
twice.  This  effect  of  target  distance  is  most  interesting,  and  it 
would  be  good  to  see  a  replication  of  this  hyperventilaticn-CFF 
study  where  all  retinal  sizes  were  presented  at  the  same  distance, 
where  several  stimuli  of  constant  retinal  size  are  presented  at 
several  distances  ranging  from  the  near  point  to  optical  infinity, 
and  where  a  number  of  subjects  are  tested. 

Granger  and  Ikeda  (1961)  provided  an  extraordinary  study  of  the 
effect  of  hyperventilation  on  foveal  CFF  that  has  numerous 
implications  for  effects  of  hypoxia  on  the  CFF,  given  that 
hyperventilation  is  a  fairly  normal  consequence  of  hypoxia  (e.g., 
Ernest  and  Krill,  1971) .  Their  objectives  were  to  assess  effects 
of  hyperventilation  on  the  CFF  for  different  luminances  and 
different  target  sizes  in  order  to  gain  insight  into  the  mechanism 
of  these  well-established  CFF  improvements  with  hyperventilation. 
Subjects  for  the  most  part  were  the  two  authors  with  additional 
data  collected  from  five  other  subjects.  No  subject  suffered  from 
any  visual  disorder  or  other  pathological  condition  known  to  affect 
the  CFF  and  any  refractive  errors  were  corrected  fully. 

Thirty  seconds  of  hyperventilation  at  a  little  more  than  twice 
the  normal  respiration  rate  was  used  for  experimental  sessions  and 
no  hyperventilation  for  control  sessions.  The  CFF  was  measured 
immediately  after  hyperventilation.  Stimulus  sizes  ranged  from  2.5 
minutes  of  visual  angle  to  two-degrees-ll-minutes  of  visual  angle. 
Stimulus  intensities  varied  from  zero  to  five  (log  intensity  in 
Trolands) .  Only  one  to  four  log  Trolands  were  used  for  most  sizes 
of  stimuli,  since  very  dim  and  very  bright  stimuli  made  for 
difficult  or  impossible  flicker  determinations.  An  artificial 
pupil  was  used  throughout  data  collection. 

Hyperventilation  elevated  CFF  when  stimuli  were  larger  than  5 
minutes  of  visual  angle,  with  this  increase  gradually  going  from  o 
for  a  field  subtending  a  few  minutes,  to  2  to  3  flashes  per  second 
for  fields  of  1  to  2  degrees.  The  CFF  typically  increased  linearly 
as  a  function  of  target  luminance.  However,  for  the  largest 
targets,  the  CFF  leveled  off  and  then  dropped  at  highest  luminance 
levels.  The  elevation  of  the  CFF  by  hyperventilation  applied  to 
the  linear  rise  and  applied  also  to  the  leveling  off  and  drop  of 
this  CFF  as  target  luminance  increased  (i.e.,  the  two  rising  and 
falling  curves  were  parallel) .  This  indicated  the  hyperventilation 
increment  could  not  be  accounted  for  as  a  shift  to  the  left  of  the 
curve  on  the  illumination  axis  in  the  same  way  that  a  shift  to  the 
right  of  data  curves  on  the  illumination  axis  accounted  for  hypoxia 
decrements  in  contrast  discrimination  (McFarland,  Halperin,  and 


Niven,  1944)  and  visual  acuity  (McFarland’ and  Halperin,  1940). 
Unfortunately  blood  oxygen,  blood  CO2,  and  blood  pH  were  not 
measured  during  hyperventilation  and  control  trials. 

There  are  at  least  two  reasons  that  the  Granger  and  Ikeda 
(1961)  research  has  numerous  implications  for  effects  of  hypoxia  on 
the  CFF.  One  is  that  hypoxia  often  induces  hyperventilation  (e.g., 
Ernest  and  Krill,  1971)  and  the  resultant  hypocapnia  would  operate 
to  increase  the  CFF,  countering  to  some  extent  decrements  from 
hypoxia.  The  other  is  that  it  is  probable  hypoxia  effects  on  the 
CFF  directly  are  related  to  the  size  of  the  stimulus  as  Granger  and 
Ikeda  have  clearly  shown  is  the  case  for  hyperventilation.  If  so, 
it  may  provide  an  explanation  of  many  contradictory  results  in 
research  on  hypoxia  and  the  CFF  which  have  used  a  large  range  of 
target  sizes.  It  also  suggests  any  new  research  on  respiratory 
effects  with  CFF  as  the  dependent  variable  should  use  flashing 
targets  of  large  area  in  order  to  increase  the  sensitivity  of  the 
experiments . 

Baer  (1967)  measured  effects  of  hyperventilation  on  the  CFF  ir, 
45  college  males  with  equal  numbers  of  heavy  smokers,  moderate 
smokers,  and  nonsmokers.  A  test  patch  of  12.7  mm  (luminance  of  25 
ml)  was  viewed  at  an  unspecified  distance  through  an  artificial 
pupil  of  2  mm.  Both  ascending  (fusion)  and  descending  (flicker) 
thresholds  were  measured.  A  2-minute  period  of  hyperventilation 
decreased  the  CFF.  This  decrease  was  contrary  to  the  increase 
found  in  previous  research  where  hyperventilation  was  only  for  30 
seconds  and  the  CFF  was  measured  immediately  afterward  (Granger  and 
Ikeda,  1961).  Baer  measured  the  CFF  six  times  over  a  4-minute 
period  following  hyperventilation  and  it  is  possible  that  they 
failed  to  measure  the  CFF  quickly  enough  following  hyperventilation 
to  show  the  hypocapnia  effects.  Another  possibility  is  that  their 
stimuli  may  have  been  smaller  than  those  shown  by  Granger  and  Ikeda 
(1961)  to  produce  hyperventilation  increases  in  the  CFF. 

Kobrick  (1968)  assessed  a  variety  of  visual  functions  at 
altitude  with  and  without  the  drug  acetazolamide  which  may  help  to 
prevent  altitude  sickness.  Subjects  were  36  male  soldier 
volunteers  ranging  in  age  from  19  to  36  who  were  divided  into 
acetazolamide  and  placebo  groups,  vision  was  normal  and  there  were 
no  physical  defects  which  might  be  aggravated  by  hypoxia.  The  CFF 
was  measured  with  a  Grayson-Stadler  apparatus  (Model  E622)  with 
three  ascending  and  three  descending  trials  averaged.  Testing 
occurred  at  f*c..  level  and  again  about  3  days  later  after  24  hours 
of  exposure  to  an  altitude  of  12,800  feet.  Hypoxia  did  not  produce 
any  changes  in  the  CFF  (or  any  other  dependent  variables) .  The 
absence  of  change  in  the  CFF  did  not  replicate  the  CFF  decrements 
found  by  Birren  et  al.  (.1946)  at  similar  altitudes.  This  may  have 
been  because  Kobrick  provided  longer  exposure  to  hypoxia  before 
testing  with  resultant  acclimatization.  According  to  Kobrick,  it 
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may  have  reflected  use  of  a  flashing  red  stimulus  by  Birren  et  al. 
vs.  Kobrick 's  use  of  a  white  stimulus. 

Kobrick  and  Appleton  (1971)  assessed  a  variety  of  visual 
functions  under  extended  hypoxia  including  the  CFF.  Subjects  were 
8  healthy  soldier  volunteers  ranging  in  age  between  18  and  25  with 
normal  near  and  far  acuity,  normal  stereopsis,  and  normal 
peripheral  vision.  The  CFF  was  measured  at  sea  level  and  after  1, 
18,  24,  and  48  hours  of  exposure  to  an  altitude  of  15,000  feet  in  a 
decompression  chamber.  Dark  adaptation,  near  and  far  acuity,  depth 
perception,  stereopsis,  and  peripheral  visual  reaction  time  also 
were  measured.  A  Grayson-Stadler  (Model  E622)  flicker  apparatus 
was  used  to  measure  the  CFF  with  three  ascending  and  three 
descending  trials  averaged.  Three  light-dark  ratios  of  0.95  on- 
0.05  off,  0.50  on-0.50  off,  and  0.05  on-0.95  off  (per  cycle)  were 
used  to  measure  the  CFF. 

Changes  occurred  in  the  CFF,  dark  adaptation,  and  peripheral 
visual  response  as  a  result  of  hypoxia  with  maximal  changes  at  the 
initial  1-hour  test  and  some  recovery  over  24  or  48  hours. 

Strongest  and  most  persistent  effects  of  hypoxia  on  the  CFF  were 
for  the  5-95  light-dark  ratio.2  This  may  reflect  the  greater 
oxygen  consumption  of  the  retina  in  darkness  (e.g.,  Linsenmeier, 
1986)  . 

In  their  discussion,  Kobrick  and  Appleton  (1971)  indicated  the 
initial  drop  in  the  CFF  showed  complete  recovery  by  the  end  of 
exposure.  However,  they  appear  to  be  victims  of  an  optical 
illusion  that  exists  in  their  Figure  2.  Despite  appearances,  the 
CFF  was  lower  than  in  preexposure  trials  for  all  light-dark  ratios 
at  the  end  of  48  hours  and  this  difference  was  nearly  five  flashes 
per  second  for  the  5-95  light-dark  ratio. 

Nair,  Malhotra,  and  Gopinath  (1972)  assessed  the  effects  on  the 
CFF  of  6  weeks  acclimatization  to  an  actual  altitude  of  11,000  feet 
with  3  weeks  of  adaptation  to  cold  also  occurring  during  the  6-week 
stay.  There  were  20  healthy  subjects  ranging  in  age  from  20-28.  a 
Grass  photostimulator  presented  a  1-cm  square  stimulus  which  had  a 
visual  angle  of  0.4  degrees  at  the  viewing  distance  of  150  cm. 
Stimulus  intensity  was  30  lux  at  the  source  and  room  illumination 
was  kept  at  20  lux.  The  CFF  was  recorded  at  the  same  time  of  day 
for  each  subject  after  the  subject  relaxed  for  l  hour  in  a  warm 


2  This  parallels  research  of  McFarland,  Warren,  and  Karis 
(1958)  who  found  the  greatest  age  decrement  on  CFF  to  occur  for 
the  shortest  light-dark-ratios.  Given  the  Granger  and  Ikeda 
(1961)  finding  that  large  stimulus  areas  enhanced  hyperventila  • 
tion  effects  and  this  light-dark  ratio  result,  both  stimulus 
features  probably  should  be  included  in  any  research  investi¬ 
gating  oxygen  tension  or  other  respiratory  effects  on  CFF. 
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room.  Flickering  stimuli  were  increased  in  flicker  rate  until 
fusion  was  noted.  Baseline  measures  at  sea  level  were  taken,  then 
subjects  were  flown  to  altitude  and  tested  6  to  8  hours  after 
arrival.  Subjects  were  tested  weekly  for  6  weeks,  then  returned  to 
sea  level  and  retested.  Half  of  the  group  spent  3  weeks  in  cold 
temperatures  with  inadequate  clothing  followed  by  3  weeks  in  a 
heated  room.  The  other  half  spent  3  weeks  in  the  heated  room 
followed  by  3  weeks  in  cold  temperatures  with  inadequate  clothing. 

A  small  (1.15  flashes  per  second),  but  apparently  significant 
drop  in  the  CFF  occurred  after  arrival  at  altitude  for  both 
groups.3  Cold  temperatures  reduced  the  CFF  for  both  groups  and 
this  was  the  major  change  noted  during  the  6  weeks  at  altitude.  A 
sharp  four  flashes  per  sec jnd  rise  in  the  CFF  above  initial  sea 
level  testing  was  found  for  both  groups  upon  return  to  sea  level, 
indicating  that  adaptations  ("Hematological,  cardiorespiratory  and 
probably  metabolic  adjustments")  to  the  6  weeks  of  altitude  and  3 
weeks  of  cold  improved  performance  with  normal  oxygen  tension  at 
sea  level.  The  confound  of  cold  and  altitude  prevented 
identification  of  whether  this  acclimatization  effect  that 
substantially  boosted  subsequent  sea  level  performance  was  due  to 
hypoxia,  low  temperature,  or  both. 

Aisenberg  et  al.  (1974)  studied  hypoxemia  and  the  CFF  in 
congenital  heart  disease.  Cyanotic  heart  disease  patients  (blood 
oxygen  saturations  less  than  90  percent)  were  found  to  have 
significantly  lower  CFFs  than  acyanotic  heart  disease  patients 
(blood  oxygen  saturations  exceeding  90  percent) .  The  average  CFF 
for  the  cyanotic  group  was  43.2  flashes  per  second  compared  to  46.6 
for  the  acyanotic  patients.  In  the  cyanotic  group,  blood  oxygen 
levels  were  associated  significantly  with  the  CFF.  There 
apparently  was  no  correlation  between  blood  oxygen  levels  and  the 
CFF  for  the  acyanotic  group.  The  CFF  was  associated  directly  with 
age  in  both  groups. 

Seki  and  Hugon  (1976)  found  striking  decrements  in  the  CFF 
associated  with  a  very  deep  dive  (62  ATA) .  Helium-oxygen  mixtures 
were  breathed  and  the  oxygen  partial  pressure  was  maintained 
between  0.38  and  0.42  ATA  during  the  11  days  of  compression  and  5C 
hours  of  saturation.  The  oxygen  partial  pressure  was  maintained 
between  0.49  and  0.52  ATA  during  the  10  days  of  decompression.  The 
CFF  was  measured  with  a  target  0.5  degree  in  diameter  at  an 
unspecified  distance  using  the  SHIBATA-FL-AO  flicker  apparatus. 

Only  flicker  thresholds  were  measured  with  the  flash  rate  reduced 
for  each  trial  from  60  flashes  per  second. 


3  The  table  of  results  does  not  indicate  that  the  initial 
drop  noted  at  altitude  was  significant  for  both  groups, 
although  the  text  does. 
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The  CFF  for  one  subject  changed  from  42.5  flashes  per  second  on 
the  surface  to  32.8  flashes  per  second  at  €2  ATA  to  42.5  flashes 
per  second  upon  return  to  the  surface.  For  the  other  subject,  the 
corresponding  changes  were  from  44.9  to  37.7  to  43.3  flashes  per 
second.  The  correlations  between  depth  and  the  CFF  for  both 
subjects  was  -0.93.  Depth  and  ambient  temperature  were  also 
correlated  (r^.74)  as  were  the  CFF  and  temperature  (r*-.7l  for  one 
subject  and  r=*-.66  for  the  other).  The  much  higher  correlation 
between  depth  and  CFF  than  between  temperature  and  CFF  indicated  it 
was  depth  and  not  temperature  that  produced  the  major  change  in  the 
CFF.  The  constant  slightly  hyperoxic  oxygen  tension  indicated 
changes  in  pressure  and  not  changes  in  oxygen  tension  produced  the 
CFF  changes. 

w 

Ho  discussion  of  C02  levels  was  provided  by  Seki  and  Hugon 
(1976) .  However,  at  these  huge  pressures,  even  a  minuscule 
quantity  of  C02  in  the  breathing  mixture  might  produce  C02  tensions 
that  exceeded  the  greater  than  five  percent  C02  tensions  that 
caused  the  reductions  in  the  CFF  found  by  Alpem  and  Hendley  (1952) 
and  Schaefer  and  Carey  (1953) . 

Sen  Gupta,  Mathew,  and  Gopinath  (1979)  assessed  acclimatization 
to  high  altitude  with  and  without  heavy  exercise  during  the 
acclimatization  period  at  a  moderate  altitude.  They  used  time  of 
useful  consciousness  (TUC)  following  exposure  to  air  at  7,260  m  and 
the  CFF  (measured  at  more  moderate  altitudes  and  sea  level)  as 
dependent  variables.  The  subjects  were  20  healthy  soldiers  (20-26 
years  old)  who  were  given  training  on  the  CFF  apparatus  prior  to 
testing  at  altitudes.  A  Lafayette  Flicker  Fusion  Apparatus  (Model 
1202  A)  with  a  binocular  viewing  chamber  was  used.  Frequencies 
always  were  presented  in  ascending  order  and  subjects  signalled  the 
fusion  point.  Four  measurements  were  made  and  if  there  was 
var*  at  ion  in  the  settings,  the  average  was  used.  The  CFF  was 
measured  in  a  decompression  chamber  at  sea  level,  1,850,  and  3,500 
meters.  Thirty  minutes  of  adaptation  occurred  at  each  altitude 
pricr  to  testing.  Subjects  then  spent  8  weeks  at  1,850  meters  with 
one  group  receiving  only  20  minutes  of  physical  training  per  day 
anc  another  receiving  40  minutes  plus  another  60  minutes  of 
compulsory  games.  The  CFF  was  measured  weekly  during  these  8 
week*.  Subjects  were  returned  to  Delhi  and  the  TUC  and  the  CFF 
recoroec .  Subjects  then  were  flown  to  3,500  meters  and  stayed 
there  fcr  4  weeks.  TUC  was  measured  upon  return  to  Delhi.  For  * 

unexplained  reasons,  the  CFF  was  not  measured  at  3,500  or  upon 
return. 

B  jtr.  the  T"JC  and  the  C.-'f  improved  with  acclimatization.  The 
TUI  measure  stowed  a  significant  and  marked  improvement  as  a  result 
of  acclm-cti.  41  ion  at  1,857  meters  for  the  high  exercise  group 
(ranging  from  2J2.;  to  280.6  seconds)  which  was  significantly 
uieaLe.  th-ar  ftr  tte  lev  exercise  group  (ranging  from  198.3  tc 
227.2  becoxs,  .  Pour  weeks  at  3,  >00  meters  produced  a  further 
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increase  for  the  high  exercisers  and  a  very  large  increase  in  TUC 
for  the  low  exercisers.  Although  the  high  exercisers  still  had  a 
higher  average  TUC  (314.7  seconds)  than  the  lows  (276.6),  the 
difference  now  was  not  significant. 

The  CFF  measured  at  1,350  meters  in  the  decompression  chamber 
was  not  significantly  reduced  from  sea  level.  Measures  of  the  CFF 
at  3,500  meters  in  the  decompression  chamber  were  significantly 
lower  than  sea  level  measures.  Readings  upon  arrival  at  an  actual 
1,85J  meters  also  were  significantly  lower  for  both  groups  than  at 
sea  level.  Following  a  stay  at  altitude,  the  CFF  returned  to  sea 
level  values  for  both  groups,  but  this  occurred  at  the  16th  day  for 
the  high  exercisers  and  not  until  the  40th  day  for  the  low 
exercisers.  Following  return  to  sea  level  after  the  48  days  at 
1,850  meters,  both  groups  had  higher  CFF  levels  than  their  initial 
CFF  levels  at  sea  level.  The  high  exercisers  had  significantly 
higher  postaltitude  CFF  levels  than  the  low  exercisers.  No 
explanation  was  provided  for  the  failure  to  collect  additional  CFF 
data  during  and  following  exposure  to  an  actual  altitude  of  3,500 
meters . 

A  recent  study  did  not  examine  low  oxygen  tension  effects  on 
the  CFF,  but  did  look  at  probable  restrictions  of  blood  flow  to  the 
retina  that  may  emulate  effects  of  breathing  low  oxygen.  Langan 
and  Watkins  (1987)  determined  the  effects  of  tight  collars  and 
neckties  on  the  CFF.  Preliminary  observations  had  indicated 
tightening  a  collar  band  to  1.27  cm  less  than  the  subjects 
unrestricted  neck  measurement  caused  an  observable  reduction  in 
pulsing  of  "the  retinal  vein”  upon  examination  with  an 
ophthalmoscope.  Subjects  for  the  investigation  of  possible  visual 
sensitivity  effects  were  32  men  with  10  in  a  no-neck-bind  control 
group.  The  flicker  source  was  viewed  at  84  cm  and  there  was  no 
discussion  of  stimulus  size,  although  it  appears  to  have  been 
small.  Both  fusion  and  flicker  thresholds  were  measured  (ascending 
and  descending  trials)  and  these  were  averaged.  Three  such 
averages  were  collected  under  conditions  with  no  neckwear  pressure, 
with  neckwear  pressure,  and  with  neckwear  pressure  removed. 

Tightening  the  collar  significantly  reduced  CFF  in  the 
experimental  group  and  these  measures  did  not  immediately  return  to 
normal  after  the  tie  was  loosened.  The  control  group  did  not  have 
any  neckwear  pressure  and  showed  no  CFF  changes  over  three  sets  of 
measurements.  This  study  could  stand  replication  with  inclusion  of 
ear  oximetry  or  other  measures  of  blood  oxygen  saturation  and  with 
measurement  of  possible  respiration  and  blood  C02  changes  induced 
by  neckwear  pressure.  Other  dependent  variables  such  as  contrast 
sensitivity,  auditory  acuity,  and  measures  of  cognitive  performance 
also  would  be  of  interest. 
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Carbon  monoxide  and  the  CFF 

Asphyxia  via  carbon  monoxide  is  a  less  traumatic  death  than 
asphyxia  via  hypoxic  hypoxia  and  this  relative  lack  of  distress 
associated  with  hemic  hypoxia  may  be  a  factor  in  differences  in 
effects  of  the  two  types  of  hypoxia  on  visual  and  other 
performances.  Although  hypoxic  hypoxia  produces  its  share  of 
contradictory  effects  on  vision  and  other  behaviors,  there  probably 
is  a  larger  percentage  of  contradictions  in  research  on  the  effects 
on  the  CFF  of  hypoxia  that  is  generated  by  breathing  CO  (hemic 
hypoxia) . 

Even  as  McFarland  et  al.  (1944)  found  that  low  oxygen 
saturation  produced  by  breathing  oxygen  at  low  tension  and  low 
oxygen  saturation  produced  by  a  buildup  of  COHb  were  additive  ir 
effects  on  contrast  sensitivity,  Lilienthal  and  Fugitt  (1946)  made 
a  largely  similar  finding  for  the  CFF.  Lilienthal  and  Fugitt 
assessed  the  effects  of  low  levels  of  COHb  on  visual  sensitivity  at 
altitude  using  the  CFF  as  their  measure  of  visual  sensitivity. 

Five  18-year-old  males  who  had  been  examined  and  accepted  for 
flight  training  served  as  subjects.  A  5-mm  neon  glow  tube  was 
viewed  through  a  12-inch  viewing  tube  which  presumably  would  make 
for  a  stimulus  with  a  visual  angle  of  0.94  degrees.  Fusion  flash 
rates  were  presented  initially  with  the  rate  decreased  steadily 
until  flicker  onset  was  observed.  Following  the  recording  of  this 
rate,  it  was  abruptly  increased  and  the  measurement  repeated. 

Three  such  determinations  were  made  within  10  to  15  seconds.  The 
subject  then  withdrew  his  eye  from  the  viewing  tube  and  rested  for 
2  to  3  minutes  after  which  rest  the  three  determinations  were 
repeated . 

As  discussed  earlier,  without  elevated  COHb,  decompression  to 
10,000  feet  produced  a  significant  decrement  in  the  CFF  for  two  of 
the  five,  decompression  to  11,000  feet  produced  a  significant 
decrement  for  another  two  and  decompression  to  12,000  feet  produced 
a  significant  decrement  for  the  fifth.  Ten  minutes  of  pure  oxygen 
breathing  at  11,000  and  12,000  feet  restored  CFF  to  sea  level 
values . 

Measurements  of  CFF  without  decompression  while  breathing  CO- 
air  mixtures  of  0.15  to  0.2  percent  did  not  lead  to  decrements  in 
the  CFF,  even  when  levels  of  13.8  to  17.4  percent  COHb  were 
attained  by  the  different  subjects.  However,  when  decompressed  to 
5,000  feet,  all  subjects  showed  COHb  depression  of  the  CFF  with  the 
COHb  levels  causing  this  decrement  ranging  from  5.1  percent  for  one 
subject  to  9.2  percent  for  another.  Results  were  similar  at  6,000  •i 

feet,  although,  paradoxically,  it  took  somewhat  higher  levels  of  ' 

COHb  to  produce  depression  of  the  CFF.  The  moderately  low  levels 
of  5  to  10  percent  COHb  (measured  above  the  COHb  existing  before  CO 
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exposure)  were  seen  as  equivalent  to  adding  7,000  feet  of  altitude 
in  terms  of  the  effect  on  flicker  sensitivity. 

Vollmer  et  al.  (1946)  also  assessed  both  altitude  and  CO 
effects  on  the  CFF.  Twenty  officers  and  enlisted  Navy  personnel, 
18-39  years  of  age,  viewed  a  one-degree  CFF  test  object  at  a 
distance  of  18  inches.  Thresholds  were  approached  alternately  from 
above  and  below  and  measures  averaged.  A  low-pressure  chamber  was 
used  to  simulate  altitudes  of  10,000  and  15,500  feet.  As  discussed 
earlier,  altitude  (15,500  feet)  produced  a  small  but  significant 
decrease  in  the  CFF  (and  field  size)  both  with  and  without  CO 
breathing.  However,  unlike  the  results  of  Lilienthal  and  Fugitt 
(1946)  for  lower  altitudes,  CO  breathing  did  not  reduce  performance 
beyond  the  decrement  with  hypoxia  alone. 


Von  Post-Lingen  (1964)  assessed  the  effects  of  exposure  to 
small  concentrations  of  carbon  monoxide  by  determining  whether  a 
decrement  in  the  CFF  became  more  likely  following  hemic  hypoxia. 

CFF  decrements  were  indicated  by  an  increase  in  the  intensity 
required  to  produce  subjective  flicker  of  a  constant  on-off-rate 
stimulus.  A  1.9-degree  stimulus  was  presented  at  an  intensity  that 
provided  clear  perception  of  flicker.  Intensity  was  lowered  until 
flicker  disappeared  and  the  intensity  level  recorded.  After  that 
intensity  was  raised  until  flicker  appeared  and  the  intensity  level 
was  again  recorded.  These  ascending  and  descending  intensity 
settings  were  averaged.  It  was  found  CO  exposure  increased 
susceptibility  to  the  transitory  fall  in  the  CFF  produced  by 
intravenous  injection  of  the  anesthetic  drug  Evipan.  This  CFF  drop 
was  shown  by  Berg  (1949)  to  indicate  reduced  viability  of  the 
nervous  system.’ 

Von  Post-Lingen  (1964)  found  when  double-blind  experiments  were 
conducted  this  largely  eliminated  significant  effects  of  CO. 
Undoubtedly,  the  starting  point  from  which  intensity  increases 
influences  the  intensity  level  that  leads  to  perceived  flicker  in 
much  the  same  way  that  the  starting  flicker  rate  influences 
flicker/fusion  thresholds  (Ginsburg,  1967) .  With  single-blind 
procedures,  experimenters  may  unintentionally  alter  starting  points 
to  make  results  fit  with  their  preconceptions. 


Beard  and  Grandstaff  (1970)  studied  the  effect  of  low  COHb 
levels  on  the  CFF  and  found  significant  decrements  which  have 
failed  to  be  replicated  by  a  number  of  researchers.  Among  these, 
Guest,  Duncan,  and  Lawther  (1970)  looked  at  carbon  monoxide  and 
phenobarbitone  effects  on  the  CFF  and  also  on  the  auditory  flutter 
fusion  threshold.  Subjects  viewed  a  stimulus  0.68  degree  in 
diameter  at  60  cm.  Descending  frequencies  were  presented  on  each 
trial  until  flicker  was  noted.  Phenobarbitone  produced  a 
significant  drop  in  the  CFF,  but  there  was  no  change  in  the  CFF 
with  elevated  COHb  (about  10  percent)  compared  to  air  breathing. 


ITOJiKWWWWWWWWWAWyvvviA iflitniuiinruxyin/xwvTurRyiw^irunLfciLfc'Tji^jiT'jj^jf’yi’yirji wv  rv 


O'Donnell,  Chikos,  and  Theodore  (1971)  also  studied  the  effect 
of  carbon  monoxide  exposure  on  the  CFF  using  COHb  levels  of  5.9  and 
12.7  percent.  The  CFF  was  measured  with  ascending  trials  with  the 
fusion  point  being  identified  by  the  subject.  A  red  stimulus  0.375 
inch  in  diameter  was  viewed  at  approximately  16  inches  (visual 
angle  of  approximately  1.34  degrees).  CO  exposure  (75  ppm  and  150 
ppm)  did  not  cause  changes  in  the  CFF. 


Fodor  and  Winneke  (1972)  also  studied  the  effect  of  low  COHb 
concentrations  (5.3  percent)  on  the  CFF.  Subjects  were  tested  with 
a  Bettendorf  40256  flicker  device.  A  continuously  descending 
frequency  was  used,  starting  with  60  flashes  per  second.  Subjects 
reported  when  flicker  first  appeared.  Ho  effect  of  CO  on  the  CFF 
was  observed. 
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Seppanen,  Hakkinen,  and  Tenkku  (1977)  studied  the  effect  of 
gradually  increasing  COHb  on  visual  perception  and  psychomotor 
performance  of  smoking  and  nonsmoking  subjects.  The  22  smokers  and 
22  nonsmokers  viewed  a  large  (compared  to  most  other  studies)  5.76- 
degree  stimulus  at  a  distance  of  50  cm.  Both  ascending  and 
descending  trials  were  used  with  the  average  taken  as  the  CFF.  CO- 
air  mixtures  were  breathed  with  CO  equal  to  1,100  ppm  CO.  A 
significant  linear  decrease  in  the  CFF  was  found  as  COHb  increased. 
Even  the  small  difference  in  the  CFF  between  4  percent  COHb  and  5 
percent  COHb  was  found  to  be  significant.  As  with  the  results  of 
Beard  and  Grandstaff  (1970),  many  researchers  have  wondered  why 
these  surprisingly  strong  effects  of  low  COHb  levels  were  found. 
However,  it  may  just  reflect  a  large  amount  of  carefully  collected 
data.  Also,  a  large  stimulus  appears  to  be  much  more  sensitive 
than  small  stimuli  to  respiratory  effects  on  the  CFF  (See  Granger 
and  Ikeda,  1961) . 

Winneke  (1974)  studied  the  effects  of  methylene  chloride  and 
carbon  monoxide  on  the  CFF  using  a  Bettendorf  40236  flicker  device. 
A  descending  frequency  was  used  with  subjects  reporting  the 
appearance  of  flicker.  CO  was  breathed  at  two  levels  and  in  a 
third  condition  methylene  chloride  was  breathed.  Methylene 
chloride  produced  significant  decrements  in  the  CFF,  but  CO  percent 
did  not  decrease  the  CFF  at  either  level,  despite  COHb  levels  as 
high  as  10  percent. 


Hyperoxia  and  the  CFF 

Bennett  and  Cross  (I960)  found  increasing  the  pressures  at 
which  air  was  breathed  up  to  seven  atmospheres  led  to  distinct 
shifts  in  the  CFF  for  each  subject.  The  oxygen  tension  would  have 
been  somewhat  greater  than  that  obtained  by  breathing  pure  oxygen 
at  one  atmosphere.  They  used  the  same  apparatus  used  by  Simonson 
and  Winchell  (1951)  which  was  described  earlier  in  this  chapter. 
For  the  majority  of  subjects,  this  reliable  chanae  was  a  decrease 
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of  one  or  more  flashes  per  second.  For  some,  however,  It  was  an 
increase  in  the  CFF  of  similar  magnitude.  Although  details  were 
not  provided,  this  changed  state  was  reached  quickly  at  high 
pressures  and  less  quickly  at  lower  pressures.  These  alterations 
in  the  fusion  frequency  of  flicker  were  correlated  with  a  change  in 
the  electroencephalogram  described  as  abolition  of  alpha  blocking. 
Individual  differences  in  hyperventilation  are  a  likely  explanation 
of  the  consistent  individual  differences  in  CFF  change. 

No  other  studies  were  found  looking  at  the  effects  of  hyperoxia 
on  the  CFF  in  humans,  except  studies  described  earlier  that  looked 
at  recovery  from  hypoxic  decrements  while  breathing  pure  oxygen 
(e.g.,  Lilienthal  and  Fugitt,  1946).  However,  Bums  (1971)  used 
rhesus  monkeys  who  were  trained  to  respond  to  flicker  and 
investigated  the  witects  of  breathing  100  percent  oxygen  at  0.8, 
1.4,  and  2.0  atmospheres  on  the  CFF.  Oxygen  reduced  the  CFF  with 
the  reduction  directly  proportional  to  pressure.  The  results  are 
intriguing  and  suggest  a  need  for  human  data  on  the  CFF  as  a 
function  of  hyperbaric  oxygenation. 


Conclusions  and  research  needs 

Despite  the  large  number  of  studies  of  CFF  and  hypoxia,  a 
number  of  questions  remain  unanswered.  The  absence  of  effects  of 
hypoxia  on  the  CFF  with  long  periods  of  adaptation  to  the  low 
oxygen  tension  found  by  Seitz  (1940)  and  the  apparently 
contradictory  need  for  extended  exposure  to  hypoxia  for  rapid 
changes  in  oxygen  tension  in  later  experiments  by  Seitz  remains  a 
mystery.  One  suspects  that  hyperventilation  may  have  operated  to 
increase  CFF  at  late  stages  of  the  slow  decrease  in  oxygen  tensions 
and  hyperventilation  may  have  been  prevalent  early  in  the  later 
series  of  experiments  and  this  reduced  immediate  hypoxic  decrements 
in  the  CFF.  Replication  of  some  of  Seitz's  experiments  with 
measurement  of  blood  C02  and  with  control  of  respiration  might 
explain  his  contradictory  findings. 

The  large  stimulus-size  effect  found  by  Granger  and  Ikeda 
(1961)  when  hyperventilation  boosted  the  CFF  also  probably  would  be 
found  when'  effects  of  hypoxia  and  carbon  monoxide  on  the  CFF  were 
studied.  The  unusually  strong  effects  on  the  CFF  of  COHb  found  by 
Seppanen,  Hakkinen,  and  Tenkku  (1977)  may  well  reflect  his 
unusually  large  flickering  target.  Research  exploring  this 
stir1 ’us  size  effect  for  different  respiratory  conditions  would 
apr  to  have  relevance  for  explaining  retinal  and  central  flicker 
pe  tion  mechanisms.  If  size  effects  were  found,  such  research 

also  would  identify  research  procedures  that  would  be  more  apt  to 
show  effects  of  respiratory  or  related  independent  variables. 

Should  the  stimulus  size  effect  be  confined  to  hypocapnia,  this 
would  be  of  even  more  theoretical  i:. Merest. 


<S 

■VN 

>3 

i'S 


95 


I 


Kobrick  and  Appleton  (1971)  found  that  hypoxia  had  its  greatest 
effect  when  the  light  portion  of  the  light-dark  interval  was  small. 
Researchers  probably  would  maximize  hypoxia  effects  and  other 
respiration  effects  when  the  flash  is  brief  relative  to  the  off 
time.  Probably  both  large  stimuli  and  brief  stimulus  flashes  are 
needed  for  maximally  sensitive  research  on  the  CFF. 

One  of  the  most  interesting  findings  of  Ernest  and  Krill  (1971) 
was  their  demonstration  of  sharply  increased  scalloping  for 
ascending  and  descending  thresholds  during  hypoxia  compared  to  4 

normoxia  in  their  study  of  absolute  sensitivity.  A  parallel  study 
of  the  effects  of  hypoxia  (and  perhaps  hypocapnia)  on  scalloping  of 
successive  fusion  and  flicker  thresholds  would  appear  to  have  many 
methodological  benefits.  It  is  critical  that  the  starting  point 
for  ascending  thresholds  and  the  starting  point  for  descending 
thresholds  be  the  same  for  all  pairs  of  trials  (Ginsburg,  1967) . 

As  with  absolute  visual  sensitivity,  contrast  sensitivity,  and 
acuity,  the  CFF  changes  with  hypoxia  showed  large  individual 
differences  that  have  not  been  well  explained.  The  CFF  would 
provide  an  important  dependent  variable  for  studying  individual 
differences  in  visual  response  to  hypoxia.  The  strong  possibility 
that  different  visual  performances  (CFF,  visual  sensitivity, 
contrast  sensitivity,  acuity,  etc.)  all  would  show  correlated 
decrements  with  hypoxia  would  have  large  implications  for  selection 
and/or  training  of  hypoxia-tolerant  personnel.  If  hypoxic 
decrements  in  these  different  visual  performances  were  not  found  to 
be  correlated,  this  result  could  provide  keys  to  understanding 
basic  differences  among  these  visual  performances. 

The  decrements  in  the  CFF  with  hyperoxia  for  monkeys  (Burns, 

1971)  may  be  an  artifact  associated  with  measurement  of  behavioral 
responses.  On  the  other  hand,  measurement  of  the  CFF  in  humans  in 
conditions  of  hyperbaric  oxygenation  would  appear  to  be  a 
worthwhile  effort.  However,  it  would  be  best  if  subjects  were  used 
who  were  being  exposed  to  the  potentially  toxic  environment  for 
other  reasons  that  did  not  interfere  with  CFF  data  collection. 

Although  Kobrick  (1968)  apparently  did  not  find  any  CFF 
differences  with  hypoxia  for  a  group  receiving  the  drug 
acetazolamide  or  any  difference  between  the  drug  group  and  a 
placebo  group,  additional  research  with  this  drug  might  be 
informative.  As  will  be  noted  throughout  this  review,  aceta¬ 
zolamide  has  mimicked  tne  effects  of  hypoxia  on  visual  field  size, 
intraocular  pressure,  etc.  Acetazolamide  also  has  operated 
synergistically  with  hypoxia  to  sharply  decrease  intraocular 
pressure  (Mercier  et  al.,  1964).  No  studies  were  found  which 
looked  at  the  effects  of  acetazolamide  on  th^  CFF.  Given  the  above 
links  between  acetazolamide  effects  and  hypoxia  effects  and  given 
the  benefits  associated  with  the  drug  for  reducing  altitude 
sickness,  research  on  its  effects  on  the  CFF  might  be  of  benefit. 
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This  could  be  achieved  easily  by  including  the  drug  and  a  placebo 
as  a  bctween-groups  factor  or  as  a  repeated-measures  factor  in 
research  on  the  effects  of  stimulus  size,  hypocapnia,  etc.,  on  the 
CFF.  However,  the  vasodilation  caused  by  the  drug  (Lassen  et  al., 
1987)  would  preclude  its  use  in  any  hyperbaric  oxygen  environments 
since  it  probably  would  operate  like  C02  and  increase  the 
probability  of  convulsions. 

The  Jorgensen  (1955)  finding  of  bimodal  image-size  changes  in 
the  effects  of  hyperventilation  on  the  CFF  raised  many  more 
questions  than  it  answered.  A  replication  and  extension  of  this 
hyperventilation-CFF  study  is  needed  where  all  retinal  sizes  are 
presented  at  the  same  distance,  where  several  stimuli  of  constant 
retinal  size  are  presented  at  several  distances  ranging  from  the 
near  point  to  optical  infinity,  and  where  a  number  of  subjects  are 
tested. 
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Chapter  6 


A  number  of  researchers  have  investigated  whether  or  not  color 
vision  might  be  affected  by  changes  in  oxygen  tension.  If  one 
receptor  type  or  one  or  more  visual  pigments  were  more  affected  by 
changes  in  oxygen  tension  than  others,  a  hue  shift  might  occur.  At 
least  one  study  (Paulson  and  Ryar.,  1981)  was  conducted  in  the  hope 
that  this  was  the  case,  since  hypoxia- induced  or  hyperoxia-induced 
failures  to  see  figures  on  Ishihara-type  color  plates  would  allow  a 
person  to  identify  when  he  was  experiencing  potentially  dangerous 
oxygen-deficiencies  or  oxygen-toxicities. 


Hypoxia  and  color  vision 

Wilmer  and  Berens  (1918-)  included  color  vision  in  their 
extensive  study  of  visual  performance  under  hypoxia.  They  used 
"Stilling's  plates"  and  found  no  change  in  color  vision  for  10 
subjects  who  were  tested  at  20,000  feet.  Wilmer  and  Berens  also 
found  hypoxia  produced  decrements  in  sensitivity  for  spectrally 
pure  red  and  green  lights,  no  decrements  for  white  lights,  and 
apparently  improved  sensitivity  for  a  wide  band  blue  light. 

However,  these  were  rather  crude  experiments  on  visual  sensitivity 
where  adjustments  were  made  of  an  optical  wedge  held  between  the 
subject's  eye  and  a  distant  target  and  it  is  doubtful  these  effects 
would  be  reproduced  with  or  without  more  refined  testing 
procedures . 

According  to  McFarland,  Evans,  and  Halperin  (1941),  Wischnewsky 
and  Zirlin1  (1935)  found  low  oxygen  tensions  led  to  a  greater 
decrease  of  retinal  sensitivity  to  red,  green,  and  blue  light 
compared  to  white  light  and  found  colors  to  lose  saturation  at 
threshold,  particularly  blue  and  green.  However,  McFarland,  Evans, 
and  Halperin  (1941)  indicated  the  apparatus  of  these  Russian 
researchers  was  crude  and  so  was  their  understanding  of  rod  and 
cone  function,  since  they  did  not  seem  to  know  that  rods  are 
insensitive  to  red  and  that,  even  when  breathing  air,  colors  lose 
their  saturation  when  they  are  so  dim  that  they  are  only  seen  by 
the  rods. 


1  McFarland,  Evans,  and  Halperin  (1941)  provided  a  dif¬ 
ferent  spelling  of  Wischnewsky  and  Zirlin,  namely,  Vishnevskiy 
and  Tsyrlin. 


Using  the  sensitive  Hecht-Shlaer  apparatus  (Hecht  and  Shlaer, 
1938) ,  McDonald  and  Adler  (1939)  found  oxygen  deprivation  had  an 
equal  effect  on  rod  vision  and  cone  vision.  For  cone  vision  they 
used  a  centrally  fixated  test  flash  subtending  two  degrees  of 
visual  angle.  Unfortunately,  they  did  not  indicate  size  of  the 
target  used  for  rod  vision  testing  or  its  location  relative  to  the 
fixation  point.  They  used  only  one  healthy  well-trained  observer 
who  breathed  a  mixture  of  air  and  nitrogen  with  approximately  10.4 
percent  oxygen  for  from  15  to  20  minutes  before  testing.  A 
decrease  in  sensitivity  of  0.4  log  units  as  a  result  of  hypoxia  was 
found  for  both  rods  and  cones. 

According  to  Mercier  and  Duguet  (1950),  Malmejac  et  al.  (1944) 
investigated  intensity  matches  of  two  red  or  two  green  plates 
during  a  prolonged  stay  at  6,000  meters  in  a  decompression  chamber. 
Ho  decrement  in  the  ability  to  make  these  matches  occurred  during 
the  stay  at  altitude. 

Schmidt  (1950)  provided  an  extensive  review  of  early  German 
research  on  the  effects  of  oxygen  deficiency  on  color  vision.  Much 
of  the  research  involved  use  of  an  anomaloscope  where  a  yellow 
produced  by  an  additive  mixture  of  red  and  green  is  matched  to  a 
spectrally  pure  yellow  by  adjusting  the  relative  brightness  of  the 
green  and/or  the  red.  Velhagen  (1936)  was  reported  by  Schmidt  to 
have  published  the  first  report  on  the  effects  of  high  altitudes  on 
color  vision.  He  found  persons  with  normal  color  vision  at  sea 
level  developed  a  pathologically  increased  color  adaptation  above 
9,800  feet.  He  referred  to  this  as  color  asthenopia.  He  also 
claimed  persons  with  minor  color  vision  anomalies  at  sea  level  may 
show  an  aggravation  of  this  anomaly  with  oxygen  deficiency  or  a 
change  in  the  form  of  their  deficiency. 

According  to  Schmidt  (1950),  Schmidt  (1937)  did  not  find  color 
asthenopia  in  persons  with  normal  color  vision,  although  he  did 
find  this  in  subjects  with  defects  at  sea  level.  Schmidt  (1937) 
also  differed  from  Velhagen  in  finding  "the  characteristic 
differences  between  the  various  forms  of  color  deficiency  also 
exist  in  the  presence  of  oxygen  deficiency."  Schmidt  (’950) 
presented  a  figure  that  indicated  a  decrease  in  color  sensitivity 
(presumably  for  normals,  but  perhaps  only  for  color  defectives), 
since  there  was  a  larger  scatter  of  anomaloscope  settings  at  13,000 
feet  than  at  lower  elevations  and  in  some  cases  increased  scatter 
appeared  at  9,800  feet.  This  increase  in  scatter  with  low  oxygen 
particularly  was  marked  when  subjects  fixated  on  the  color  target 
for  1.5  seconds  during  adjustments  and  less  marked  when  subjects 
maintained  adaptation  to  a  neutral  white  area  and  only  viewed  the 
color  "for  an  instant." 

According  to  Schmidt  (1950)  both  Velhagen  and  he  found  low 
oxygen  changes  in  color  vision  wore  reversed  by  breathing  pure 
oxygen,  but  he  specifically  noted  this  was  not  an  abrupt  reversal. 
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However,  no  actual  time  for  recovery  of  normal  color  vision  was 
provided  in  the  Schmidt  (1950)  review. 

Schmidt  (1950)  also  discussed  research  by  Fichter  (1940)  who 
also  studied  the  problem  of  hypoxic  "color  asthenopia."  Fichter 
tested  57  normal  trichromats,  10  deuteranomalous  subjects,  and  3 
protanomalous  subjects.  In  most  cases  he  found  decreasing  color 
sensitivity,  i.e.,  increased  scatter  of  anomaloscope  settings  with 
increasing  altitude.  When  subjects  did  not  fixate  on  the  color 
stimulus,  but  only  glanced  at  it  briefly  during  adjustments,  normal 
trichromats  remained  normally  trichromatic  at  high  altitudes. 

According  to  Schmidt  (1950),  Velhagen  used  the  anomaloscope  and 
found  a  shifting  of  the  Rayleigh  equation  in  some  normal 
trichromats  under  hypoxia  and,  according  to  Schmidt,  this  indicated 
a  decrease  of  red  sensitivity.  Velhagen  found  a  decrease  in  green 
sensitivity  in  other  subjects.  According  to  Schmidt  (1950) ,  Both 
Schmidt  (1937)  and  Fichter  (1941)  reported  that,  on  the  average, 
anomaloscope  measures  indicated  a  slight  decrease  in  green 
sensitivity  at  19,700  feet.  Schmidt  (1939)  followed  up  with 
another  study  of  absolute  thresholds  for  red  and  green  targets 
under  low  oxygen  tension.  Normal  trichromats  showed  an  increase  in 
the  red  threshold  above  13,000  feet,  but  no  change  in  the  green 
threshold. 

Schmidt  and  Bingel  (1953)  studied  the  effects  of  hypoxia  on 
color  saturation  thresholds.  They  presented  adjacent  stimulus 
fields  with  one  white  and  the  other  white  with  a  small  amount  of 
red,  green,  or  blue  light  added.  The  threshold  amounts  of  color 
required  to  detect  the  presence  of  the  color  in  the  "colored"  half 
field  were  determined  in  air  and  in  reduced  oxygen  tensions. 
Sensitivity  to  green  and  blue  showed  a  small  but  significant 
decrement  at  13,000  and  at  18,000  feet.  There  was  some  suggestion 
of  an  improvement  of  performance  over  baseline  when  testing 
occurred  after  20  minutes  of  air  breathing  that  followed  the 
hypoxic  testing  at  18,000  feet.  This  occurred  for  the  color  green. 
Color-saturation  thresholds  for  the  color  red  did  not  change  at 
either  "altitude"  and  this  differential  effect  of  hypoxia  for 
different  wavelengths  indicated  more  than  a  general  loss  of  color 
sensitivity  was  involved. 

Boles-Carenini  and  Cima  (1952)  studied  color  sensitivity  with 
Nagel's  anomaloscope  under  normal,  hypoxic,  and  hyperoxic 
conditions  in  subjects  who  breathed  normal  air,  breathed  low- 
oxygen  mixtures,  underwent  pressure  ischemia,  breathed  pure  oxygen, 
and  breathed  pure  oxygen  while  undergoing  pressure  ischemia.  The 
low-oxygen  tension  corresponded  to  the  oxygen  tension  at  6,000 
meters.  According  to  the  English-language  summary,  hypoxia  created 
or  worsened  anomalies  of  the  anomaloscopic  quotient.  Inhalation  of 
oxygen  reduced  the  variance  of  anomaloscope  settings  compared  to 
settings  while  breathing  air.  Eyeball  pressure  leading  to  partial 
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ischemia  always  generated  an  anomaly  in  the  red-green  chromatic 
sensation.  Combining  pressure  ischemia  and  oxygen  breathing  led  to 
a  neutralization  of  their  opposite  effects. 

Frantzen  and  Yusfin  (1958)  assessed  hypoxic  shifts  in  color 
discrimination  sensitivity  at  different  "altitudes"  and  the  effects 
of  breathing  100  percent  oxygen  following  hypoxia.  There  were  25 
subjects  whose  characteristics  were  not  described.  A  special 
anomaloscope  was  used  where  the  right  of  two  identical  half  circles 
was  varied  on  either  red,  blue,  or  green  wavelength  until  the 
difference  was  noted  and  the  change  recorded.  Each  subject  was 
tested  30  times  (30  ascents).  The  dependent  variable  was  the 
amount  of  wavelength  change.  Color  discrimination  was  reduced  from 
normal  atmospheric  pressure  baseline  by  a  factor  of  2.0  at  5,000 
meters  for  blue.  Color  discrimination  was  reduced  by  a  factor  of 
1.7  at  5,000  meters  for  red.  Color  discrimination  was  reduced  by  a 
factor  of  1.3  at  5,000  meters  for  green.  Large  variability  in 
color  discrimination  under  hypoxia  was  reported  between  subjects 
and  even  for  the  same  subject  on  different  ascents.  One  highly- 
emphasized  finding  was  that  high  baseline  scores  led  to  big  drops 
in  discrimination  performance  and  low  baseline  scores  led  to  small 
drops.  However,  this  could  be  largely  the  result  of  random  errors 
in  baseline  measurements  and  regression  to  the  mean  during  later 
testing. 

In  one  of  the  conditions  of  their  extensive  study  of  hypoxia 
and  sensitivity,  Ernest  and  Krill  (1971)  examined  relative  effects 
of  hypoxia  on  rod  and  cone  vision.  Under  hypoxia  (10  percent 
oxygen) ,  red  targets  five  degrees  in  diameter  presented  at  an 
eccentricity  of  five  degrees  required  a  significantly  larger 
increase  in  luminance  for  detection  (0.42  log  units)  than  similar 
size/eccentricity  blue  targets  (0.15  log  units).  This  slowing  of 
hypoxic  performance  occurred  relative  to  performance  in  air.  The 
authors  viewed  this  as  a  greater  effect  of  hypoxia  on  cones  than 
rods  in  this  area  of  the  retina,  but  were  unsure  why  this  was  the 
case.  As  will  be  discussed  later,  Kobrick  et  al.  (1984)  found  no 
effect  of  hypoxia  on  peripheral  (and  central)  red  targets,  but  did 
find  a  decrease  in  sensitivity  for  green  targets. 

Wolbaxsht,  White,  and  Anderson  (1973)  studied  "colors" 
generated  by  a  revolving  achromatic  figure  (Benham's  Top)  and 
looked  at  the  effects  of  hypoxia  on  matching  of  actual  chromatic 
colors  to  these  entoptic  colors.  Any  respiratory  effects  found  for 
color  matches  could  be  the  result  of  changes  in  the  afterimages 
that  generate  the  entoptic  colors  or  changes  in  the  chromatic 
colors  that  match  them.  It  thus  should  be  a  highly  sensitive 
indicator  of  changes  in  visual  function,  even  though  further 
research  might  be  needed  to  pin  down  the  source  of  the  change. 
Wolbarsht,  White,  and  Anderson  (1973)  found  some  systematic 
differences  appeared,  but  the  single  hypoxic  condition  among  the 
otherwise  constant  oxygen  tension  conditions  (in  all  but  the  one 
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hypoxic  condition,  altitude  and  oxygen  tension  were  covaried  to 
maintain  a  normal  sea  level  oxygen  tension)  did  not  stand  out  from 
the  others. 

Smith,  Ernest,  and  Pokomy  (1976)  studied  the  effect  of  hypoxia 
on  FM  100-hue  test  performance.  In  normal  test  illumination  (1,670 
lux) ,  breathing  10  percent  oxygen  did  not  increase  errors  on  the 
test  and  performance  at  both  low  and  normal  oxygen  tensions  was 
nearly  error  free.  At  37  lux,  hypoxia  significantly  increased 
errors  in  red  and  blue-green  "quadrants"  over  errors  in  air  at  this 
illumination.  At  very  low  illuminations,  normal  observers  also 
produce  maximum  errors  in  these  quadrants.  The  effect  of  hypoxia 
thus  appeared  to  be  to  reduce  effective  illumination  and  not  to 
have  any  other  specific  effect  on  color  vision. 

Kobrick  et  al.  (1984)  found  no  decrement  in  sensitivity  to  a 
red  stimulus  as  a  function  of  prolonged  stays  at  altitude,  but  did 
find  decrements  in  sensitivity  to  green.  As  is  discussed  in  the 
chapter  on  absolute  sensitivity,  this  may  have  been  related  to  an 
interaction  of  hypoxic  changes  in  refraction  with  the  chromatic 
aberration  of  the  eye  and  not  to  any  differential  effect  of  hypoxia 
on  receptors . 


Hyperoxia  and  color  vision 

As  discussed  earlier,  Boles-Carenini  and  Cima  (1952)  studied 
color  sensitivity  with  Nagel's  anomaloscope  under  normal,  hypoxic, 
and  hyperoxic  conditions  in  subjects  who  breathed  normal  air, 
breathed  low-oxygen  mixtures,  underwent  pressure  ischemia,  breathed 
pure  oxygen,  and  breathed  pure  oxygen  while  undergoing  pressure 
ischemia.  According  to  the  English-language  summary,  inhalation  of 
oxygen  reduced  the  variance  of  anomaloscope  settings  compared  to 
settings  while  breathing  air. 

According  to  Paulson  and  Ryan  (1981),  Gallagher  et  al.  (1965) 
found  no  effects  on  color  vision  of  breathing  100  percent  ox/gen  at 
sea  level  for  24  hours.  However,  they  used  six  photographic 
reproductions  of  the  Ishihara  plates  which  apparently  quickly  were 
•memorized  by  subjects  and  there  is  some  question  whether  the  tests 
were  suitably  sensitive  during  the  repeated  testing  that  occurred. 

Bogetti  and  Molfino  (1965)  indicated  in  the  English  abstract  of 
their  Italian-language  report  that  hyperbaric  oxygenation  at  2.5 
atmospheres  actually  reduced  the  number  of  errors  on  the 
Farnsworth-Munsell  100  Hue  Test.  The  improved  performance  occurred 
after  45  minutes  of  exposure  to  the  hyperbaric  oxygen.  However,  it 
was  not  clear  from  the  abstract  whether  the  control  performance 
occurred  prior  to  hyperbaric  oxygenation  or  during  the  first 
minutes  of  hyperbaric  oxygenation.  All  20  of  the  20  subjects 
showed  this  improved  performance  following  45  minutes  of  hyperoxia. 


Paulson  and  Ryan  (1981)  used  the  F-M  100-Hue  Test  for  assessing 
the  effect  of  air  under  high  atmospheric  pressure  on  color  vision. 
Subjects  were  12  Navy  divers  aged  26-36  with  normal  color  vision 
plus  three  nondivers  who  were  tested  with  a  similar  schedule,  but 
without  changes  in  pressure.  Each  diver  was  tested  with  the  F-M 
100-Hue  test  on  seven  occasions.  These  were  twice  predive  in  the 
chamber,  three  times  during  the  dive,  and  twice  postdive.  One  or 
more  days  separated  administrations.  Subjects  breathed  normoxic 
nitrogen  mixtures  at  pressures  of  five  atmospheres  for  4.5  days. 

The  oxygen  tension  thus  was  equivalent  to  100  percent  oxygen  at  one 
atmosphere.  Five  l-hour  excursions  occurred  three  times  with  air 
being  breathed  at  seven  atmospheres.  Decompression  occurred  over  3 
days  while  breathing  air.  Although  it  was  anticipated  that  there 
would  be  decrements  in  performance  as  a  result  of  the  long-term 
exposure  to  oxygen  at  above-normal  tensions,  the  only  changes  in 
color  vision  were  a  few  unexpected  improvements  in  performance 
after  long  exposure  in  one  of  the  dives. 


Conclusions  and  research  needs 

Hypoxia  appeared  to  have  few  effects  on  color  vision  other  than 
at  low  illuminations  where  it  exaggerated  the  normal  effect  of  low 
illumination  on  color-sorting  tasks.  Hyperoxia,  on  the  other  hand, 
seemed  to  have  a  beneficial  effect  and  color  vision  may  be  the  area 
of  visual  performance  which  most  benefits  from  higher- than-normal 
oxygen  tensions.  Research  is  needed  to  confirm  and  elucidate  this 
possible  improvement  in  color  vision  during  hyperbaric  oxygenation, 
although  it  would  be  advisable  to  limit  testing  to  patients 
undergoing  hyperbaric  oxygenation  treatments,  due  to  the  potential 
toxic  effects  of  this  environment. 

Striking  color  shifts  in  the  retina  occur  with  hypoxia  and 
hyperoxia  (see  Chapter  12:  "Ocular  vessels  and  blood  flow").  These 
differently  colored  vascular  networks  might  act  somewhat  like  color 
filters  and  differentially  influence  the  photoreceptor  response  to 
colors  during  hypoxia,  normoxia,  and  hyperoxia.  If  hyperoxic 
effects  on  color  vision  were  matched  by  the  effects  of  wearing 
rose-colored  glasses  during  normoxia,  the  fundus  color  change 
during  hyperoxia  might  be  the  explanation. 

Surprisingly,  no  studies  were  found  which  looked  at  the  effects 
of  hypocapnia  or  hypercapnia  effects  on  color  vision.  The  same  was 
true  for  carbon  monoxide.  One  suspects  that  such  research  has  been 
carried  out,  but  negative  results  were  found  which  were  either  not 
published  or  were  not  even  submitted  for  publication.  Research  on 
carbon  monoxide  effects  would  appear  to  be  particularly  important. 
If  a  pronounced  defect  were  found  to  be  associated  with  carbon 
monoxide  poisoning,  an  "Ishihara"  plate  could  be  developed  that  was 
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readable  only  when  carbon 'monoxide  was  being  breathed.2  This  could 
beposted  at  conspicuous  locations  to  warn  persons  in  environments 
where  CO  poisoning  is  possible. 


t 


2  Such  a  plate  might  read  DANGER!  HIGH  LEVEL  OF  CARBON 
MONOXIDE. 


104 


Chapter  7 


Afterimages  and  other  entoptic  Phenomena 


Early  aviators  described  persisting  afterimages  at  high 
altitudes  without  oxygen  which  caused  problems  for  viewing  of  real 
images.  Other  entoptic  phenomena  (e.g.,  "red  veils")  were 
associated  with  use  of  oxygen  in  aircraft.  A  number  of  early 
investigations  were  made  of  the  effects  of  hypoxia  on  these 
entoptic  phenomena. 


Hypoxia  and  afterimages 

In  a  classic  piece  of  vision  research,  Craik  (1940)  demonst¬ 
rated  visual  afterimages  originated  from  the  primary  visual  image 
on  the  retina  without  any  major  contribution  from  "lower  and  higher 
visual  centers."  One  eye  was  rendered  temporarily  blind  by 
pressure  on  the  eyeball  at  a  level  which  totally  cut  off  blood  flow 
to  the  retina.1  The  functioning  eye  fixated  a  light  source  and  the 
image  fell  on  the  nonfunctioning  eye  as  well.  After  2  minutes,  the 
subject  looked  away  from  the  light  source  and  a  distinct  afterimage 
was  visible  in  the  functioning  eye.  Pressure  then  was  removed  from 
the  other  eyeball  and  when  vision  returned  in  a  few  seconds,  an 
afterimage  also  was  seen  with  this  eye.  This  afterimage  typically 
was  not  exactly  coincident  with  the  afterimage  of  the  other  eye  due 
to  a  slight  misdirection  of  the  ischemic  eye  as  a  result  of  the 
application  of  pressure.  However,  this  was  a  benefit  for  this 
demonstration,  since  it  confirmed  the  fact  that  both  eyes  had 
afterimages.  The  pressure-induced  anoxia  did  not  prevent  the 
afterimage  and  this  not  only  showed  the  afterimage  was  not  produced 
in  the  brain  it  also  showed  that  photochemical  processes  involved 
in  generation  cf  the  afterimage  were  not  substantially  changed  by 
this  temporary  lack  of  oxygen. 

Although  Craik  showed  temporary  ischemia  did  not  prevent 
afterimage  formation,  there  is  evidence  that  afterimage  processes 
may  be  influenced  by  hypoxia.  Gellhorn  and  Spiesman  (1935)  studied 
the  influence  of  hypoxia,  elevated  C02,  and  hyperventilation  on 
latency  of  negative  afterimages.  Eight  people  were  used  as 
subjects.  They  had  undergone  several  weeks  of  training  in 
observation  of  afterimages  and  reporting  of  afterimage  latencies. 
Afterimages  were  formed  by  fixating  a  bright  stimulus  against  a 


1  This  temporary  ischemia  is  still  frequently  referred  to 
as  "Craik  Blindness." 
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darker  background.  Ten-minute  intervals  separated  the  formation 
and  viewing  of  these  afterimages.  Afterimages  were  viewed  with 
closed  eyes  and  a  positive  afterimage  preceded  the  appearance  of 
the  negative  afterimage.  Only  the  time  from  stimulus  offset  to  the 
appearance  of  the  negative  afterimage  was  measured.  The  low  oxygen 
condition  was  typically  9.2-  to  11-percent  oxygen  with  the  oxygen 
mixed  with  nitrogen.  CO2  concentrations  were  from  4.8  to  6.4 
percent  for  different  subjects.  Hyperventilation  occurred  at  rates 
of  66  to  88  inhalations  per  minute  for  from  3  to  6  minutes  with 
shorter  periods  associated  with  higher  inhalation  rates. 

Oxygen  concentrations  of  13  to  16  percent  did  not  influence  the 
latency  of  negative  afterimages.  However,  oxygen  tensions  of  9.2 
and  11  percent  greatly  delayed  the  negative  afterimage  and  in 
several  instances  prevented  its  appearance  altogether.  C02  had  a 
similar  effect  although  the  latency  increase  typically  was  less 
than  during  hypoxia  and  nonappearance  of  the  afterimage  was  less 
likely.  Hyperventilation  also  increased  latencies  and  in  some 
instances  prevented  appearance  of  the  afterimage,  although  short 
periods  of  hyperventilation  had  no  effect  on  afterimage  latency. 
Recovery  from  all  three  latency-extending  treatments  was  typically 
slow,  requiring  20  minutes  or  more. 

If  fixation  were  impaired  by  these  treatments,  this  could 
account  for  increased  latencies  and  hypoxia  has  been  shown  to 
influence  eye  movements  (McFarland,  Knehr,  and  Berens,  1937a)  and 
so  has  hyperventilation  (Fenn,  et  al.,  1949).  On  the  other  hand, 
Gellhorn  and  Spiesman  (1935)  mentioned  this  possibility  and  noted 
that  although  a  shortened  fixation  time  during  air  breathing  did 
increase  latency  of  the  negative  afterimage,  this  never  led  to  the 
afterimage  not  appearing  at  all,  as  occurred  in  some  of  their 
experiments  on  low  oxygen,  high  C02,  and  hyperventilation 

According  to  McFarland,  Evans,  and  Halperin  (1941),  Wischnewskv 
and  Zirlin2  (1935)  found  a  lowered  atmospheric  pressure  produced  a 
decrease  in  both  the  light  sensitivity  and  the  electrical 
excitability  of  the  eye,  although  no  details  of  oxygen  tensions  or 
testing  procedures  were  provided.  Wischnewsky  and  Zirlin  concluded 
since  entoptic  visual  phenomena  produced  by  electrical  stimulation 
do  not  involve  the  photochemical  system,  hypoxia  had  its  primary 
effect  on  the  neural  tissue  of  the  visual  mechanism. 

McFarland  (1937b)  noted  that  "aviators  and  mountaineers  at  high 
altitudes  have  frequently  mentioned  the  increased  latency  and 
unusual  quality  and  intensity  of  after-images."  McFarland  (1937a) 
included  measures  of  both  "time  to  appearance"  and  "time  to 


2  McFarland,  Evans,  and  Halperin  (1941)  provided  a  differ¬ 
ent  spelling  of  Wischnewsky  and  Zirlin,  namely,  Vishnevskiy  and 
Tsyrlin. 
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disappearance"  of  negative  afterimages  at  sea  level  and  at  a  height 
of  14,890  feet  in  the  Andes  mountains.  Subjects  closed  their  eyes 
for  3  minutes  then  opened  them  and  fixated  a  2-inch  yellow  square 
on  a  blue  background  at  a  distance  of  18  inches  for  15  seconds. 

The  subject  then  closed  his  eyes  again  and  indicated  when  the 
negative  afterimage  first  appeared,  first  disappeared,  reappeared, 
and  again  disappeared.  These  intervals  were  recorded  on  a 
stopwatch . 

At  sea  level,  the  afterimage  appeared  at  3.3  seconds, 
disappeared  at  10.6  seconds,  reappeared  at  13.1  seconds,  and 
disappeared  at  18.7  seconds.  At  altitude,  the  corresponding 
average  times  were  3.6,  13. 1,  18.1,  and  24.9  seconds.  Although 
times  were  longer  at  altitude,  the  differences  were  not  quite 
significant  and  McFarland  did  not  claim  any  altitude  effects  were 
found  on  these  afterimage  parameters. 

In  another  study,  McFarland  (1937b)  used  the  same  procedure  at 
sea  level  and  several  different  altitudes  in  the  Andes  of  9,200, 
15,400,  17,500,  and  20,140  feet.  Although  there  was  a  direct 
association  with  altitude  for  the  various  afterimage  parameters, 
only  at  20,140  feet  were  the  increases  in  times  for  appearance, 
disappearance,  reappearance,  and  second  disappearance  of  the 
negative  afterimage  significantly  lengthened  in  comparison  to  sea 
level.  No  reports  of  an  absence  of  afterimage  ever  occurred  as  was 
reported  by  Gellhom  and  Spiesman  (1935).  Several  subjects 
reported  qualitative  changes  in  brightness  and  hue  of  the 
afterimages  at  the  two  highest  elevations  compared  to  sea  level  and 
the  lower  elevations . 

The  most  extensive  study  of  the  effects  of  hypoxia  on 
afterimages  was  carried  out  by  McFarland,  Hurvich,  and  Helper in 
(1943).  They  also  varied  the  stimulus  intensity  of  the  forming 
stimulus  and  studied  the  effect  on  recovery  of  breathing  pure 
oxygen  after  hypoxia.  In  all  cases,  the  time  following  stimulation 
before  the  negative  afterimage  appeared  was  the  dependent  variable. 
Three  highly-trained  subjects  (including  Hurvich  and  Halperin)  were 
used.  A  two-degree  diameter  stimulus  was  exposed  for  0.2  seconds 
while  fixation  was  maintained  on  a  small  red  fixation  dot  at  the 
center  of  this  "forming"  stimulus.  Viewing  was  monocular  through  a 
1-mm  pupil  at  a  distance  of  35  cm.  Prior  to  viewing  the  series  of 
afterimages,  subjects  viewed  a  50-degree  by  65-degree  white  matte 
adapting  field  which  was  approximately  10  footcandles  in 
brightness.  Subjects  viewed  this  adapting  field  for  3  minutes  and 
this  was  followed  by  5  minutes  of  dark  adaptation.  Afterimages 
were  then  formed  of  the  test  stimulus  and  the  latency  of  appearance 
of  the  afterimage  was  determined  while  the  afterimage  was  viewed  in 
complete  darkness.  Test  stimuli  were  presented  at  different 
intensities  of  1.16,  1.48,  2.13,  and  2.79  log  photons  although 
there  was  some  variation  in  these  levels  and  for  one  subject  dimmer 
stimuli  of  0.6  and  0.93  log  photons  were  used.  Trials  were 
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separated  by  at  least  30  seconds.  Trials  in  air  preceded  trials  at 
low  oxygen.  Finally,  "recovery"  measures  were  made  with  pure 
oxygen. 

The  latency  of  afterimage  appearance  was  related  inversely  to 
the  intensity  of  the  forming  stimulus.  These  latencies  typically 
ranged  from  0.7  to  about  1.7  seconds  while  breathing  air.  Low 
oxygen  levels  produced  a  small  additional  delay  in  their 
appearance,  but  even  at  lower  stimulus  intensities,  the  increase  in 
time  was  typically  only  0.25  second  or  less.  For  the  single 
subject  who  was  tested  with  a  range  of  oxygen  levels  (10.8,  12.1, 
and  13.7  percent),  there  was  an  inverse  relationship  between  oxygen 
tension  and  latency.  Breathing  pure  oxygen  produced  a  return  to 
latencies  obtained  with  air.  However,  the  recovery  was  not  rapid 
as  is  the  case  for  recovery  of  visual  sensitivity  when  pure  oxygen 
is  breathed  following  hypoxia  (e.g.,  McFarland  and  Evans,  1939), 
and  required  as  much  as  50  minutes  of  exposure  to  pure  oxygen  for 
complete  recovery. 

Given  these  very  small  increments  in  afterimage  latency  with 
hypoxia,  there  is  a  possibility  that  these  were  not  perceptual 
changes  with  hypoxia,  but  response  time  changes  with  hypoxia. 

There  are  well  documented  effects  of  hypoxia  on  simple  reaction 
time  and  choice  reaction  time  (e.g.,  McFarland,  1937b)  and  the 
reaction  time  for  reporting  the  appearance  of  the  afterimages  would 
probably  have  been  slowed  by  nearly  the  fraction  of  a  second 
increase  McFarland,  Hurvich,  and  Halperin  (1943)  found  as  the 
effect  of  hypoxia  on  "afterimage  appearance.” 

Whiteside  (1957)  was  aware  of  the  McFarland,  Hurvich,  and 
Halperin  (1943)  study  of  afterimage  latency,  but  apparently  was  not 
aware  that  McFarland  (1937a;  1937b)  already  had  looked  at 
afterimage  duration.  Whiteside  felt  the  important  aspect  of 
hypoxia  effects  on  afterimages  was  that  it  caused  them  to  persist 
longer  than  normal  and,  as  a  result,  to  interfere  with  viewing  of 
actual  visual  stimuli.  Whiteside  studied  afterimage  durations  by 
presenting  a  0.2  second  flash  of  a  white  disk  that  subtended  a 
visual  angle  of  two  degrees.  The  viewing  distance  was  unspecified. 
The  subject  then  viewed  the  positive  afterimage  in  complete 
darkness  and  reported  to  the  experimenter  when  it  disappeared. 
Measures  were  made  in  a  decompression  chamber  at  sea  level,  5,000, 
10,000,  15,000,  and  20,000  feet. 

Whiteside  found  afterimage  durations  for  the  five  altitudes 
were  17.3,  18.1,  19.5,  20.4,  and  22.7  seconds.  Despite  the  longer 
afterimage  duration  with  hypoxia,  hypoxia  also  led  to  problems  of 
seeing  the  afterimage  and  this  was  true  even  during  exposure  to  the 
lowest  5,000  feet  altitude.  There  was  "intrinsic  light"  in 
nonstimulated  areas  of  the  retina  which  interfered  with  seeing  of 
afterimages.  The  afterimage  also  was  less  bright  and  its  edges 
were  not  so  sharply  defined.  It  is  possible  refractive  changes 
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produced  by  hypoxia  (e.g.,  Ohlbaum,  1969}  may  have  blurred  the 
retinal  image  of  the  forming  stimulus  and  caused  less  bright  and 
less  sharp  images. 

Dyer  and  Allen  (1968)  studied  the  size  of  afterimages  at 
different  projection  distances.  Between  measurements,  subjects 
frequently  reported  the  negative  afterimage  of  a  bright  white 
figure  took  on  a  regular  sequence  of  distinct  colors  over  time. 

The  influence  of  hypoxia  on  latency  of  the  appearance  or 
disappearance  of  afterimages,  augurs  for  an  influence  of  hypoxia  on 
the  latency  of  appearance  of  different  colors.3  What  is  more,  the 
qualitative  nature  of  a  color  shift  might  make  for  easier 
identification  of  afterimage  changes  than  the  criterion  of 
afterimage  sharpness  which  was  used  by  Gellhom  and  Spiesman  (1935) 
or  the  criteria  of  afterimage  appearance  and  afterimage 
disappearance  that  were  used  by  McFarland  (1937a;  1937b)  and 
Whiteside  (1957). 

Wolbarsht,  White,  and  Anderson  (1973)  studied  "colors" 
generated  by  a  revolving  achromatic  figure  (Benharo's  Top)  and 
looked  at  the  effects  of  hypoxia  on  matching  of  actual  chromatic 
colors  to  these  entoptic  colors.  Some  systematic  differences 
appeared,  but  the  single  hypoxic  condition  among  the  otherwise 
constant  oxygen  tension  conditions  (in  all  but  one  hypoxic  condi¬ 
tion,  altitude  and  oxygen  tension  were  covaried  to  maintain  a 
normal  sea  level  oxygen  tension)  did  not  stand  out  from  the  others. 


Hyperoxia  and  afterimages 

McFarland,  Hurvich,  and  Halperin  (1943)  studied  the  effect  of 
breathing  pure  oxygen  after  hypoxia  and  found  afterimage  latencies 
returned  to  normal,  although  the  return  was  slow.  Apparently,  they 
did  not  look  at  the  effects  of  breathing  pure  oxygen  on  afterimage 
latency  without  prior  hypoxia. 

Only  a  single  study  was  found  which  described  effects  of 
hyperbaric  oxygen  on  entoptic  phenomena.  Behnke,  Forbes,  and 
Motley  (1935)  measured  visual  fields  and  other  visual  performances 
before  and  after  breathing  oxygen  under  pressure  in  four  "healthy 
young  men."  The  subjects  breathed  pure  oxygen  via  a  mask  or  helmet 
in  a  large  pressure  chamber  at  a  pressure  of  three  atmospheres  for 
a  period  of  at  least  3.5  hours  and  up  to  4  hours.  Measurements 


3  McFarland  (1937b)  found  subjects  reported  qualitative 
changes  in  brightness  and  hue  of  the  afterimages  at  the  two 
highest  elevations  compared  to  sea  level  and  the  lower  eleva¬ 
tions. 
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were  made  at  intervals  of  leucocyte  count,  blood  pressure,  heart 
rate,  respiratory  rate  and  minute  volume,  visual  acuity,  area  of 
the  visual  field,  and  the  "appearance  time"  of  a  negative 
afterimage  formed  by  viewing  a  red  and  green  cross  at  a  distance  of 
one  meter  for  20  seconds.  No  change  in  afterimage  onset  times  was 
reported  for  the  first  3  hours  of  exposure.  In  the  fourth  hour  of 
oxygen  breathing  at  three  atmospheres,  visual  acuity  decreased  by 
as  much  as  60  percent.  The  onset  of  the  afterimage  was  delayed 
during  the  same  period  as  this  large  reduction  of  visual  acuity 
with  this  delay  being  50  to  100  percent.  Other  results  of  this 
important  early  study  of  hyperbaric  oxygen  effects  on  vision  are 
described  elsewhere  in  this  report. 


Other  entoptic  phenomena 

Wald  et  al.  (1942)  in  their  study  of  low  oxygen  effects  upon 
the  visual  threshold  discussed  "subjective  light"  which  appeared 
when  air  was  breathed  following  a  period  of  hypoxia.  Every  subject 
reported  red  subjective  light  starting  about  15  to  30  seconds  after 
the  return  to  room  air.  This  lasted  for  2  to  3  minutes.  A  less 
reliable  phenomenon,  but  one  frequently  observed  was  "flickering 
subjective  light  and  color  sensations"  during  periods  of  hypoxia. 

It  was  reported  these  entoptic  phenomena  did  not  interfere  with 
visual  thresholds. 

Livingston  (1944b)  described  visual  sensations  associated  with 
an  ascent  to  17,000  feet  in  complete  darkness  and  the  effects  of 
oxygen  breathing  following  this  hypoxia. 

"The  first  visual  sensation  is  one  in  which  a  series  of 
light  flocculent  grey-red  clouds  pass  in  waves  from  near 
the  centre  of  vision  to  the  periphery.  They  are  not  at 
first  dense  enough  to  shut  out  the  stimulus  provided  by  a 
self-luminous  test  object  of  low  brightness,  but  they  cause 
it  to  lose  some  of  its  sharpness.  These  clouds  become  more 
pronounced  and  faster  in  movement  as  anoxaemia  proceeds, 
being  denser  towards  the  periphery,  until  perception  is 
adversely  affected.  If  oxygen  is  administered  during  such 
a  test  the  first  visual  sensation  is  the  appearance  of  an 
intensely  blue  truncated  cone  situated  at  and  around  the 
fixation  point.  Outside  this  cone,  wave  after  wave  of 
grey-red  clouds  move  with  increasing  rapidity.  These  are 
last  observed  near  the  periphery,  eventually  dispersing  and 
leaving  in  their  place  a  deep  blue  field.  Five  full 
breaths  of  oxygen,  within  45  sec,  delivered  at  the  correct 
rate  for  the  altitude  of  the  experiment,  have  restored 
functio  i,  as  judged  by  the  complete  elimination  of  areas  of 
defect.  The  targets  previously  dull  or  below  perception 
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become  intensely  bright  and  easy  to  follow.  Plotting  of  the 
field  can  be  undertaken  with  speed  and  accuracy.  These 
phenomena  add  weight  to  the  contention  that  cone  vision  resists 
oxygen-want  better  than  rod  vision." 

Rose  (1950b)  noted  that  red  "veils"  appeared  before  the  eyes 
when  oxygen  breathing  was  started  following  mild  hypoxia.  The 
strong  possibility  this  entoptic  phenomenon  could  interfere  with 
vision  caused  Rose  to  recommend  that  aviators  not  breathe  oxygen 
intermittently  nor  to  wait  until  high  altitudes  have  been  reached 
before  breathing  oxygen. 

Whiteside  (1957),  like  Livingston  (1944a),  provided  an 
extensive  description  of  visual  field  changes  during  complete 
darkness  that  were  associated  with  hypoxia  and  with  hypoxia 
followed  by  breathing  of  oxygen.  Not  only  did  increases  and 
decreases  of  oxygen  produce  entoptic  phenomena,  these  varied  in 
fairly  striking  ways  in  the  periphery  and  in  the  center  of  vision. 
Subjects  were  seated  in  a  completely  dark  decompression  chamber  and 
dark  adapted  at  ground  level  for  15  minutes  to  eliminate  all 
afterimages.  Prior  to  decompression,  the  visual  field  was  reported 
to  be  uniformly  dark  with  a  "normal  amount  of  entoptic  light." 

There  was  more  such  light  in  the  periphery  than  in  the  center  of 
the  visual  field.  Subjects  were  decompressed  to  10,000  feet  and 
during  the  ascent  there  was  an  increase  of  entoptic  light  with  took 
on  the  appearance  of  a  flickering  pattern.  At  10,000  feet,  the 
light  increased  but  lost  its  flickering  pattern  appearance  and 
appeared  steady  and  uniform.  At  15,000  feet,  the  field  was 
uniformly  bright  and  remained  that  way  for  the  4.5  minutes  the 
subject  remained  at  that  altitude.  After  3  minutes  at  20,000  feet, 
there  was  a  barely  detectable  difference  with  the  central  field 
somewhat  darker  than  the  periphery. 

Oxygen  then  was  switched  on  at  20,000  feet  and  the  subject 
reported  a  large  increase  in  brightness  of  the  field  with  the 
central  field  darker  "like  a  five-degree  afterimage."  The 
brightness  of  the  peripheral  field  then  quickly  decreased  until  the 
whole  field  was  much  darker  and  uniform.  After  only  40  seconds  of 
oxygen  the  periphery  became  nearly  black  but  a  five-degree  area  in 
the  central  field  was  a  bright  spot  which  became  quite  marked. 

This  then  declined  in  brightness  until  it  was  difficult  to 
discriminate  the  central  spot  from  the  periphery.  This  oxygen 
scenario  lasted  only  1  minute  and  then  oxygen  was  turned  off.  The 
whole  field  was  uniformly  dark  and  then  splashes  of  light  appeared 
uniformly  across  the  visual  field.  After  a  minute  of  this 
increasing  light,  the  lower  half  of  the  field  appeared  darker  than 
the  upper.  Another  minute  at  20,000  feet  without  oxygen  led  to 
brighter  flickering  light  "like  an  aurora  borealis."  After  another 
minute,  the  central  field  of  five  degrees  seemed  a  little  darker 
than  the  periphery  and  the  flickering  had  disappeared.  Another 
minute  led  to  equal  brightness  of  the  upper  and  lower  field  and  a 
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darker  central  field  than  the  periphery.  At  this  point,  the 
subject  was  feeling  light-headed  from  hypoxia  and  had  some  problems 
turning  the  oxygen  back  on.  Switching  on  oxygen  produced  a 
transient  increase  in  luminosity  accompanied  by  great  flickering 
splashes  of  light  with  the  entire  effect  over  in  30  seconds.  The 
increase  appeared  first  in  the  central  field  followed  by  a  decrease 
in  that  area  and  an  increase  in  luminance  of  the  periphery.  The 
periphery  then  faded  and  merged  into  the  central  field  and  the 
entire  field  became  quite  black.  Continued  breathing  of  oxygen 
only  led  to  a  slight  brightening  of  the  entire  field. 

Whiteside  also  looked  at  the  effects  of  Craik  blindness  on 
entoptic  phenomena  while  the  subject  was  in  complete  darkness.  The 
palms  of  the  hands  were  pressed  over  the  eyes  for  50  seconds  with 
enough  pressure  to  cause  temporary  blindness.  After  the  onset  of 
pressure,  the  normal  amount  of  entoptic  light  ove  e  field 
increased.  After  20  seconds,  the  uniform  field  appearance  changed 
to  a  slightly  darker  central  field.  A  momentarily  darker  central 
field  was  seen  at  50  seconds,  then  it  merged  into  the  periphery  to 
give  a  uniformly  bright  field.  Pressure  was  then  released  and  the 
subject  reported: 

"Whole  field  clears  from  centre  outwards — central  bright, 
peripheral  bright— central  bright,  peripheral  dark — central 
vanishes  merging  into  the  blackness  of  the  periphery.  The 
entire  field  is  very  black  and  seems  to  be  getting  still 
blacker.  The  central  area  is  now  becoming  a  little 
brighter  than  the  periphery— the  periphery  is  still  black, 
but  the  central  area  is  now  distinctly  brighter.  The 
difference  between  central  and  peripheral  field  luminosity 
is  increasing.  The  central  field  is  still  bright,  but 
seems  to  be  spreading  out  towards  the  periphery.  At  first 
the  apparent  'texture'  of  the  central  bright  area  was 
speckled,  but  now  it  is  a  smooth  'texture.'" 

The  central  bright  area  then  spread  to  the  periphery  and  the 
intensity  simultaneously  diminished  until  the  entire  field  became 
"uniformly  grey  as  with  normal  entoptic  light." 

There  are  obvious  similarities  in  these  discussions  by 
Whiteside  of  entoptic  effects  with  hypoxia  followed  by  oxygen  and 
entoptic  effects  of  Craik  blindness  followed  by  a  return  to  visual 
function.  Differences  might  reflect  pressure  phosphenes  produced 
by  pressure  against  the  eyeball.  Unfortunately,  the  reports  appear 
to  be  only  those  of  a  single  subject.  Color  predominated  in 
subjective  light  descriptions  reported  by  Wald  et  al.  (1942), 
Livingston  (1944a),  and  Rose  (1950b)  and  the  absence  of  any  red 
veils  or  other  reports  of  color  (with  the  possible  exception  of  the 
aurora  borealis)  makes  one  wonder  whether  this  Whiteside  subject 
perhaps  was  color  bli:  i. 


After  presenting  the  afterimage  duration  results  and  the 
subjective .light  results,  Whiteside  (1957)  went  somewhat  beyond 
these  data  to  make  the  case  that  hypoxia-prolonged  positive 
afterimages  of  bright  sky  were  the  culprit  in  the  “subjective  haze" 
that  is  present  in  high  altitude  flight  with  low  degrees  of  hypoxia 
resulting  either  from  breathing  air  at  lower  altitudes  or  while 
breathing  oxygen  at  altitudes  up  to  40,000  feet  in  the  absence  of 
pressurization . 


Conclusions  and  research  needs 

Given  that  hypoxia  sometimes  influences  refraction  of  the  eye 
and  the  size  of  the  pupil,  the  changes  in  duration,  intensity,  and 
sharpness  of  afterimages  as  a  result  of  hypoxia  could  have 
reflected  hypoxic  deterioration  of  the  images  that  formed  the 
afterimages  and  not  any  change  in  the  afterimage  process.  There  is 
an  even  simpler  explanation  of  the  tiny  hypoxic  effects  on 
afterimage  latency  reported  by  McFarland,  Hurvich,  and  Halperin 
(1943).  These  fraction  of  a  second  latency  increases  easily  could 
have  been  the  result  of  a  hypoxic  slowing  of  the  verbal  response 
that  indicated  the  appearance  of  the  afterimage  and  not  changes  in 
the  appearance  time. 

For  most  subjects,  the  color  of  negative  afterimages  is  highly 
salient.  The  latency  and  duration  of  the  successive  color  phases 
that  afterimages  typically  exhibit  might  be  easier  to  report  than 
sharpness  or  presence  or  absence  of  afterimages.  If  these  phases 
were  to  be  lengthened  or  shortened  with  hypoxia  or  if  hypoxia 
produced  qualitative  changes  in  hue  or  saturation  of  these 
afterimage  colors,  this  might  be  worth  learning.  The  improvements 
in  color  vision  with  hyperoxia  might  augur  for  even  larger  changes 
in  the  afterimage  color  sequence  with  oxygen  at  greater-than-normal 
tensions. 

Extensive  discussion  of  the  ‘'red-veils”  and  related  entoptic 
phenomena  occurred  in  this  review,  since  these  apparently  are 
striking  low-oxygen  visual  effects  that  can  interfere  with 
processing  of  real  images.  These  pronounced  visual  phenomena  occur 
in  the  total  absence  of  any  visual  stimulation,  yet  they  exhibit 
form  and  movement.  The  red  veils  and  other  spontaneous  entoptic 
phenomena  would  appear  to  have  much  relevance  to  research  on  neural 
processes  of  the  eye. 

It  is  possible  these  red  veils  are  pressure  phosphenes 
associated  with  mechanical  changes  in  the  eye,  such  as  those  noted 
by  Alder  and  Cringel  (1985)  in  cats  when  respiratory  gases  were 
changed.  These  eye  changes  caused  large  movements  of  electrodes 
inserted  into  the  eyes  and  were  believed  by  Aider  and  Cringel  to  be 
related  to  retinal  circulation  changes  and  changes  in  blood  volume. 
If  the  red  veils  are  a  form  of  pressure  phosphene,  they  also  may 
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provide  a  subjective  indicator  of  ocular  pressure  changes  that 
could  be  used  during  research  on  respiratory  factors  and  other 
factors  that  cause  changes  in  intraocular  pressure. 

It  appears  that  research  on  the  hypoxic  thresholds  for  these 
entoptic  phenomena  could  provide  particularly  important  data  on  the 
effects  of  hypoxia.  For  example,  it  would  be  important  to  identify 
the  degree  of  hypoxia,  the  duration  of  hypoxia,  and  various 
combinations  of  degree  and  duration  of  hypoxia  that  must  exist 
before  resumption  of  air  breathing  produces  the  "red  veils."  It 
also  would  be  of  interest  to  know  whether  pure  oxygen  at  normal  or 
increased  atmospheric  pressure  produces  the  red  veils  without  any 
previous  hypoxia. 


Chapter  8 


Persistence  of  vision  following  ischemia 


Applying  pressure  to  the  eyeball  cuts  off  the  flow  of  blood  to 
the  retina  and,  within  a  few  seconds,  this  leads  to  a  state  of 
blindness  that  is  quickly  reversible  when  the  pressure  is  released 
(Craik,  1940) .  As  discussed  below,  respiratory  conditions  which 
increase  and  decrease  the  amount  of  oxygen  available  within  the 
eye,  reliably  increase  and  decrease  the  latency  of  this  '’Craik 
blindness."  This  variable  of  persistence  of  vision  following 
ischemia  is  an  important  index  of  ocular  oxygenation,  particularly 
for  "hyperoxic"  conditions  that  increase  persistence  well  above  the 
normal  brief  time  to  blackout.1 

Lambert  and  Bjurstedt  (1952)  probably  were  the  first  to  measure 
the  effect  of  variation  of  respiratory  gases  on  the  latency  of 
blackout  produced  by  pressure  on  the  eyeball.  To  increase 
pressure,  a  Bailliart  tonometer  was  applied  to  the  eyeball  through 
the  lower  lid.  They  noted  in  their  brief  report  increasing  the 
oxygen  tension  in  inspired  air  prolonged  the  latency  of  blackout 
associated  with  retinal  ischemia  and  C02  mixtures  also  prolonged 
this  latency.  The  "onset  of  dimming  of  vision"  averaged  4.7 
seconds  when  the  10  subjects  breathed  air,  5.4  seconds  when  they 
breathed  60  percent  oxygen,  and  6.4  seconds  when  they  breathed  100 
percent  oxygen.  Another  experiment  involved  breathing  of  pure 
oxygen  at  two  atmospheres  pressure  and  a  further  prolongation  of 
the  time  to  "dimming"  occurred,  although  no  time  was  reported.  A 
hypoxic  mixture  of  10  percent  oxygen  temporarily  reduced  the  period 
to  4.3  seconds,  but  3  minutes  of  breathing  the  low-oxygen  mixture 
increased  the  latent  period  to  4.7  seconds,  indicating  probable 
adaptation  to  the  hypoxic  stimulus.  Five  percent  co2  in  air 
increased  the  latency  to  5.2  seconds.  Five-percent  C02  and  95 
percent  oxygen  increased  it  to  7.8  seconds. 


Carlisle,  Lanphier,  and  Rahn  (1964)  determined  the  duration  of 
vision  after  the  blood  supply  to  the  retina  was  cut  off  while 
subjects  breathed  oxygen  at  a  range  of  elevated  pressures.  The 
subjects  were  three  normal  adults  who  breathed  oxygen  from  a 
mouthpiece  in  a  compression  chamber  in  which  atmospheric  pressure 
was  increased  up  to  as  much  as  four  atmospheres.  The  subject 


1  The  short  latencies  of  vision  following  pressure 
ischemia  at  normal  oxygen  tensions  and  lower  make  this  tech¬ 
nique  less  useful  for  studying  effects  of  hypoxia  on  vision 
than  it  is  for  studying  hyperoxia  effects. 
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started  a  stopwatch  then  applied  digital  pressure  to  his  eyeball. 

As  soon  as  a  scotoma  in  any  part  of  the  paracentral  field  of  vision 
appeared,  he  stopped  the  watch.  Four  or  five  determinations  of 
scotomata  latency  were  made  while  breathing  oxygen  at  each  of  seven 
atmospheric  pressures.  The  series  was  repeated  for  each  subject  at 
a  second  session. 

Carlisle,  Lanphier,  and  Rahn  found  persistence  of  vision  w r.c 
related  linearly  to  alveolar  oxygen  pressure  for  each  subject. 

Average  persistence  was  4.3  seconds  in  air  and  ranged  from  5.8 
seconds  for  oxygen  at  one  atmosphere  to  49.3  seconds  for  oxygen  at 
four  atmospheres  of  pressure  which  was  the  maximum  hyperbaric 
pressure  used. 

Saltzman  et  al.  (1965a)  measured  the  time  that  vision  was 
retained  during  retinal  ischaemia  induced  by  a  plunger-type 
ophthalmodynamometer  that  interrupted  retinal  blood  flow  until  all 
vision  was  lost.  Hyperbaric  oxygenation  strikingly  prolonged  the 
time  to  blackout.  Delay  of  blackout  was  related  linearly  to  gauge 
pressure  for  0  (sea  level),  3,  12,  20,  and  30  PSIG  with  visual 
persistence  times  of  about  12,  14,  19,  28,  and  40  seconds.  At  40 
PSIG,  vision  persisted  for  58  seconds  and  this  represented  about  a 
10-second  additional  increment  in  visual  persistence  beyond  the 
linear  increase  from  30  PSIG  that  would  be  predicted  from  the 
nearly  straight  line  fitting  persistence  times  for  0  through  30 
PSIG.  Saltzman  et  al .  (1965a)  also  found  that  additional 
persistence  of  vision  occurred  when  a  low  concentration  of  C02  was 
included  in  the  inspired  mixture. 

Anderson  (1968)  studied  a  number  of  ocular  effects  of  changes 
in  oxygen  and  carbon  dioxide  tension,  including  visual  persistence 
following  eyeball  pressure  that  interrupted  the  retinal  blood 
supply.  The  relationship  of  "time  to  blackout"  to  the  atmospheric 
pressure  of  pure  oxygen  was  linear  from  760  to  2311  mm  Hg  and  then 
there  was  a  somewhat  longer  latency  associated  with  an  increase 
from  2311  to  2828  mm  Hg  similar  to  that  reported  by  Saltzman  et  al. 
(1965a) . 

Anderson  (1968)  used  these  times  to  blackout  for  different 
eyeball  quantities  of  oxygen  prior  to  ischemia  to  calculate  retinal 
oxygen  uptakes.  Average  values  for  three  groups  of  subjects  were 
7.0,  8.7,  and  9.7  ml  02/100  ml  wet  retina/minute.  Anderson  pointed 
out  these  were  extremely  high  oxygen  uptakes  and  "reflect  the 
prodigious  retinal  capacity  for  energy  production.1' 

Anderson  (1968)  also  reported  the  time  it  took  for  the  retina 
to  recover  from  pressure-: nduced  ischemia.  Vision  always  returned  ■> 

almost  instantaneously  upon  pressure  release,  but  if  pressure  were 
reintroduced  within  a  few  seconds,  blackout  returned  quickly. 

Complete  recovery  was  defined  as  the  minimum  interval  required  that 
would  cause  times  to  blackout  following  a  second  pressure-induced 


116 


ischemia  to  be  as  long  as  times  to  blackout  for  the  initial 
ischemia.  It  typically  required  about  the  same  length  of  time  for 
complete  recovery  as  the  original  length  of  time  to  blackout. 

Since  for  high  pressures  this  sometimes  involved  times  of  nearly  1 
minute,  it  suggests  hyperbaric  oxygen  travels  a  long  distance  into 
the  structures  and  humors  of  the  eye  and  takes  some  time  to  get 
there.  The  large  gradients  of  oxygen  tension  in  the  vitreous  at 
normal  oxygen  tensions  (e.g.,  Jacobi  and  Driest,  1966)  would 
probably  be  much  shallower  under  hyperbaric  oxygenation. 

Anderson  (1968)  noted  the  accumulation  of  CO2  could  be  a  factor 
in  production  of  ischemic  blackout.  However,  when  CO2  was  added  to 
the  oxygen  under  pressure,  Anderson  found  a  significant  lengthening 
of  the  time  to  blackout,  not  the  shortening  that  would  be  predicted 
if  C02  accumulation  were  a  factor  in  production  of  the  blackout. 

The  probable  explanation  was  the  C02  prevented  some  of  the 
vasoconstriction  associated  with  hyperoxia  and  allowed  greater 
perfusion  of  retinal  tissues  with  oxygen  during  the  "preoxy¬ 
genation"  period.  Acetazolamide  increases  CO2  concentrations  in 
retinal  tissue  and  this  drug  was  found  by  Anderson  to  prolong  the 
time  to  blackout  in  the  same  way  that  adding  CO2  to  inspired  gases 
prolonged  time  to  blackout.  This  similar  effect  of  inspired  C02 
and  acetazolamide  strongly  supports  the  explanation  that  increased 
C02  concentrations  in  the  retina  improve  perfusion  of  ocular 
tissues  with  hyperbaric  oxygen. 

As  discussed  earlier,  this  positive  effect  of  inspired  C02  on 
visual  persistence  was  shown  by  Lambert  and  Bjurstedt  (1952)  to 
occur  even  with  air-C02  mixtures  at  a  pressure  of  one  atmosphere. 

It  is  puzzling  that  CFF  and  visual  sensitivity  are  reduced  by 
breathing  C02  mixtures  (e.g.,  Alpern  and  Hendley,  1952).  However, 
the  key  to  the  difference  in  results  for  this  persistence  measure 
and  the  more  traditional  sensitivity  measures  may  be  the  quantity 
of  C02  in  the  mixture.  Lambert  and  Djurstedt  used  a  5  percent 
mixture  and  Anderson  maintained  C02  partial  pressures  at  about  30 
mm  Hg.,  despite  a  wide  variation  in  the  total  atmospheric  pressure 
of  the  inspired  mixtures.  At  sea  level,  a  C02  partial  pressure  of 
30  mm  Hg.  corresponds  to  about  4  percent  C02 .  Alpern  and  Hendley 
administered  a  7  percent  C02  mixture.  It  is  possible  increasing 
C02  mixtures  above  five  percent  would  reduce  visual  persistence 
following  pressure  ischemia.  If  so,  it  would  show  the  common  link 
of  the  visual  persistence  variable  to  other  measures  of  visual 
performance. 

Flower  and  Patz  (1971)  used  the  ERG  response  (b-wave)  to  assess 
effects  of  hyperbaric  oxygenation  when  retinal  blood  supply  was  cut 
off  and  also  when  both  retinal  and  choroidal  blood  supply  were  cut 
off.  The  subjects  were  nine  cats  and  one  rhesus  monkey.  ERG 
recordings  to  a  0.02-second  white  light  flash  (that  produced  a 
midrange  b-wave  response)  were  recorded  with  flashes  every  20 
seconds.  Retinal  and  choroidal  blood  supply  were  cut  off  in  seven 
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cats  by  increasing  intraocular  pressure  via  a  tube  within  the 
anterior  chamber  of  the  eye  connected  to  saline  under  pressure. 

For  two  of  the  cats  and  the  monkey,  only  the  retinal  blood  supply 
was  cut  off  by  laser  coagulation  of  retinal  arteries  as  they 
emerged  from  the  edge  of  the  disk. 

Breathing  100  percent  oxygen  at  50  PSIG  prolonged  the  ERG  fa- 
wave  following  pressure  ischemia  compared  to  the  b-wave  duration 
following  pressure  ischemia  during  air  breathing.  Switching  from 
air  to  100  percent  oxygen  at  50  PSIG  reinstated  the  ERG  b-wave  when 
pressure  ischemia  already  had  eliminated  the  ERG  b-wave  during  air 
breathing.  Breathing  air  at  50  PSIG  prolonged  the  ERG  b-wave 
following  pressure  ischemia  compared  to  its  survival  time  following 
pressure  ischemia  when  the  animal  breathed  air  at  sea  level 
pressure. 

For  animals  where  the  retinal  blood  supply  was  occluded  by 
photocoagulation,  the  ERG  b-wave  was  nonexistent  during  air 
breathing.  Breathing  100  percent  oxygen  at  sea  level  pressu-** 
restored  the  ERG  b-wave  to  about  45  percent  of  the  level  recorded 
24  hours  earlier  before  coagulation.  Breathing  of  100  percent 
oxygen  at  20  PSIG  restored  the  ERG  b-wave  to  70  percent  of  the 
earlier  level.  However,  oxygen  breathing  with  further  pressure 
increases  to  50  PSIG  did  not  further  increase  ERG  b-wave  levels. 
These  latter  results  showed  how  hyperbaric  oxygenation  can  allow 
the  choroidal  circulation  to  supply  oxygen  to  inner  retinal  layers 
normally  only  oxygenated  by  the  retinal  circulation. 


Conclusions  and  research  needs 

Although  it  has  been  claimed  that  pressure  ischemia  is 
harmless,  even  when  applied  for  several  minutes,  this  50-year-old 
literature  reviewer  is  much  less  willing  to  give  his  eye  the  finger 
than  he  was  at  32  when  he  unsuccessfully  sought  a  Pulfrich  stereo 
effect  by  producing  moderate  ischemia  in  one  eye  during  binocular 
viewing.  It  is  somewhat  of  a  relief  that  no  important  extensions 
of  these  persistence-of-vision  experiments  following  Craik  blind¬ 
ness  come  to  mind.  Even  one  detached  retina  or  other  serious 
visual  problem  that  conceivably  might  result  from  producing 
pressure  ischemia  would  be  too  many. 


Chapter  9 


Oxygen  and  eve  potentials 


The  standing  potential  (SP)  of  the  eye,  also  known  as  the 
comeoretinal  potential,  is  measured  from  the  front  to  the  back  of 
the  human  eyeball  and  is  approximately  six  millivolts  (Drummond  and 
Rebuck,  1981).  If  that  sounds  small,  consider  that  the  potentials 
measured  at  the  scalp  in  electroencephalography  (EEG)  are  on  the 
order  of  a  few  microvolts.  In  fact,  there  is  often  a  problem  of 
inadvertently  picking  up  the  large  potential  changes  associated 
with  eyeball  movement  during  recording  of  the  EEG  at  scalp  lo¬ 
cations  far  from  the  eyes.  The  SP  is  influenced  by  visual  stim¬ 
ulation,  but  changes  are  slow  and  typically  occur  over  several 
minutes.  The  SP  also  is  affected  by  respiratory  conditions,  in¬ 
cluding  hypoxia,  and  much  of  this  chapter  deals  with  research  on 
these  changes. 

Much  more  rapid  changes  in  voltage  across  the  eye  also  occur  as 
a  result  of  visual  stimulation.  For  example,  exposing  the  eye  to  a 
flash  of  light  produces  rapid  distinct  voltage  patterns  which  make 
up  the  electroretinogram  (ERG).  This  electrical  activity  is  linked 
to  the  activity  of  photoreceptors,  the  pigment  epithelium,  and 
other  retinal  structures.  Some  of  the  activity  is  correlated  with 
optic  nerve  signals  going  to  the  brain  and  this  makes  the  ERG  a 
useful  and  convenient  tool  for  studying  vision  in  animals  and  in 
man.  Given  that  hypoxia  influences  visual  phenomena,  it  is  not 
surprising  numerous  studies  have  shown  the  rapid  potential  changes 
recorded  in  the  ERG  also  are  influenced  by  hypoxia. 

This  chapter  is  divided  into  three  sections.  The  first  section 
deals  with  the  effects  of  hypoxia,  hypocapnia,  and  moderate  hyper- 
oxia  on  the  SP.  The  second  deals  primarily  with  influences  of 
hypoxia  and  hypocapnia  on  the  ERG.  The  third  section  deals  with 
the  effects  on  the  ERG  of  higher-than-normal  oxygen  tensions  in¬ 
cluding  oxygen  tensions  produced  by  breathing  pure  oxygen  at 
pressures  of  more  than  one  atmosphere.  The  effects  of  hypocapnia 
are  discussed  because  hyperventilation-produced  hypocapnia  reliably 
accompanies  hypoxia  for  most  subjects,  as  has  been  pointed  out  by 
numerous  investigators  (e.g.,  Ernest  and  Krill,  1971;  Fenn  et  al., 
1949) .  The  section  on  the  ERG  also  includes  several  studies  on 
animals  that  looked  at  visual  signals  or  potentials  at  various 
points  in  the  visual  pathway  from  the  eye  to  the  brain.  Typically, 
the  ERG  was  a  key  response  measure  in  these  studies  of  the  effects 
of  hypoxia  on  different  stages  of  processing  of  visual  inputs. 
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Fenn  et  al.  (1949)  probably  were  the  first  researchers  to 
assess  the  effects  of  hypoxia  on  the  SP.  They  assessed  this 
voltage  through  measurement  of  the  horizontal  electrooculogram 
(EOG).1  Fixation  points  for  alternate  eye  movements  were  located 
about  45  degrees  on  each  side  of  the  center  of  view.  Several 
different  subjects  were  used,  including  most  of  the  investigators. 
The  EOG  was  recorded  at  ground  level  and  during  decompression  to 
18,000,  20,000,  or  23,000  feet.  Decompression  was  replaced  by 
inhalation  of  nine  percent  oxygen  at  ground  level  for  some  exper¬ 
iments.  In  later  experiments,  hyperventilation  occurred  for  20  to 
30  minutes  with  recording  of  the  EOG  at  intervals  during  this  per¬ 
iod.  Alveolar  samples  also  were  taken  during  these  intervals  to 
monitor  pC02.  Hyperventilation  was  facilitated  with  a  "pneumola- 
tor"  that  provided  positive  pressure  during  inspiration  and  ambient 
pressure  during  expiration. 


Most  subjects  showed  increases  in  the  SP  during  hypoxia  in  the 
initial  experiments  where  hyperventilation  was  not  controlled,  al¬ 
though  there  were  large  Individual  differences.  One  subject  showed 
increases  in  the  SP  of  about  70  percent  on  five  of  seven  experi¬ 
ments,  but  the  increase  was  typically  much  less  for  other  subjects. 
When  large  increases  occurred  they  appeared  to  be  largely  because 
of  the  strong  hyperventilation  and  substantial  hypocapnia  (low  ar¬ 
terial  C02 )  that  accompanied  hypoxia  for  these  subjects  with  in¬ 
creased  SPs.  As  the  authors  noted,  the  observed  effects  "might  be 
due  to  the  acapnia  which  inevitably  accompanies  anoxia  in  varying 
degrees. " 


Hypocapnia  was  controlled  and  measured  in  later  experiments  on 
hypoxia  of  Fenn  et  al.  (1949).  They  found  a  sharp  reduction  of 
alveolar  C02  to  18  mm  Hg  increased  the  SP  by  about  20  percent. 

They  also  looked  at  hypocapnia  without  hypoxia  and  found  this 
showed  little  difference  in  effect  on  the  SP  from  hypocapnia  with 
hypoxia,  although  there  were  a  few  individuals  for  whom  hypoxia  and 
hypocapnia  led  to  higher  SPs  than  hypocapnia  alone.  The  SP  typi¬ 
cally  was  somewhat  slow  to  recover  to  levels  that  existed  prior  to 
hyperventilation.  An  incidental  finding  was  hypocapnia  caused  a 
slowing  of  the  lateral  eye  movements  which  generated  the  EOG  and 
also  caused  them  to  become  "erratic."  This  made  EOG  measurements 
difficult. 
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1  Electrooculography  involves  measurement  of  voltage 
changes  associated  with  horizontal  eye  movements  with  elec¬ 
trodes  located  on  the  skin  at  the  sides  of  the  eye.  When  eye 
movements  ate  constant,  any  change  in  the  EOG  probably  reflects 
a  change  in  the  potential  across  the  eye. 
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Noell  (1952)  studied  the  large  rapid  increase  in  the  SP  of  the 
rabbit  when  sodium  azide  (NaN3)  was  administered  intravenously. 
Hypoxia  induced  by  breathing  pure  nitrogen  abolished  this  height¬ 
ened  SP  within  7  minutes.  Switching  from  nitrogen  to  oxygen  during 
this  abolishment  of  the  SP  rise,  produced  sharp  increases  in  the 
SP,  much  like  the  initial  rise  following  azide  infusion.  Removal 
of  the  cornea,  lens,  iris,  corpus  ciliare,  and  the  anterior  rim  of 
the  retina  only  reduced  the  azide  response  by  30  percent.  On  the 
other  hand,  detachment  of  the  retina  abolished  the  response.  The 
pigment  epithelium  was  found  to  be  critical  for  the  azide  response, 
but  the  optic  nerve,  ganglion  cells,  or  a  retina  sensitive  to  illu¬ 
mination  were  not.  According  to  Gouras  and  Carr  (1965) ,  Noell 
(1953)  later  showed  azide  not  only  increased  the  SP,  but  also  the 
a-,  b-,  and  c-waves  of  the  ERG. 

Holder  (1959)  investigated  the  effects  on  the  SP  of  breathing 
oxygen  at  low  concentrations  (7,  9,  and  12  percent)  for  brief  per¬ 
iods  (3  to  15  minutes) .  Measurement  of  hypoxia  effects  were  made 
after  the  SP  had  become  relatively  stable  following  30  minutes  of 
dark  adaptation.  Although  the  article  was  not  fully  translated,  it 
appeared  hypoxia  caused  a  rise  in  the  SP  beginning  at  the  onset  of 
hypoxia  which  lasted  for  several  minutes  and  reached  approximately 
125  percent  of  original  SP  levels.  This  rise  was  followed  by  a 
sinusoidal  variation  that  included  a  drop  after  about  a  dozen  more 
minutes  to  a  substantially  lower  level  than  when  hypoxia  began 
(approximately  70  percent  of  the  original  SP) .  Blocd-oxygen 
saturations  were  measured  and  drops  of  20  to  30  percent  occurred 
during  these  severe  hypoxic  conditions.  Holder  apparently  did  not 
observe  hyperventilation  during  hypoxia  or  measure  any  resultant 
drops  in  alveolar  or  arterial  CO2,  which  Fenn  et  al.  (1945)  indi¬ 
cated  were  the  basis  for  most  of  the  SP  increases  during  hypoxia  in 
their  research. 

Arden  and  Kelsey  (1962)  observed  the  effects  of  pressure 
ischemia  on  the  SP.  In  one  experiment,  they  found  that  Craik 
blindness  led  to  a  drop  in  the  SP  to  dark-trough  levels,  regardless 
of  the  point  during  the  slow  SP  oscillation  when  pressure  was 
applied.  Eye  movements  used  to  generate  the  SP  apparently  were  not 
impeded  seriously  by  the  pressure  on  one  eye.  They  produced  an 
ischemia  of  several  minutes  in  another  experiment  and  found  this 
delayed  the  light  rise  associated  with  an  increase  in  illumination. 
Intermittent  ischemia  following  this  light  rise  produced  a  sharp 
drop  in  the  SP,  but  in  this  experiment  the  SP  typically  did  not 
drop  to  dark-tzough  levels.  A  patient  with  partial  occlusion  of 
the  central  vein  in  one  eye  showed  a  near  absence  of  light  rise  in 
that  eye  and  this  supported  the  pressure  ischemia  findings.  The 
rapid  drop  in  the  SP  with  pressure  ischemia  and  its  rapid  recovery 
when  eyeball  pressure  was  removed  both  indicated  the  eye  is  not 
carrying  a  long-lasting  charge  like  a  capacitor,  but  instead  the  SP 
constantly  is  being  generated  by  normal  activity  in  the  eye  during 
both  light  and  darkness. 


Yonemura  and  Kawasake  (1979)  studied  the  effects  of  osmotic 
stress  and  acetazol amide  on  the  SP.  Both  produced  large  SP 
decrements  which  were  shown  to  originate  in  the  retinal  pigment 
epithelium  in  both  instances.  Acetazclamide  may  have  effects 
parallel  to  the  effects  of  hypoxia  on  aqueous-humor  secretion 
(Mercier  et  al.,  1964),  visual  fields  (Kobrick,  1970),  and  refrac¬ 
tion  (Halperin  and  Kilvin,  1959;  Ohlbaum,  1969).  This  finding  that 
the  drug  strongly  depressed  the  SP  of  the  eye  appeared  to  deserve 
inclusion  in  this  review,  despite  the  fact  hypoxic  changes  and 
related  respiratory  changes  in  the  SP  are  less  clear  cut  than  the 
sharp  decrements  produced  by  acetazolamide. 

Taumer,  Tohde,  and  Pemice  ( 19"7?)  provided  an  experimental  and 
theoretical  investigation  of  the  slow  oscillation  of  the  SP.  They 
concluded  rod  and  cone  processes  independently  contributed  to  the 
SP  oscillation.  Any  differential  effects  of  hypoxia  on  cone  and 
rod  function  might  be  expected  to  alter  the  characteristics  of  the 
oscillation.  The  same  would  be  true  should  pure  oxygen  at  more 
than  one  atmosphere  influence  the  receptor  types  differently.  As 
will  be  discussed  below,  oxygen  at  one  atmosphere  did  not  influence 
the  sinusoidal  character  of  the  SP.  However,  one  atmosphere  of 
oxygen  had  only  a  minimal  effect  on  persistence  of.  vision  following 
pressure  ischemia,  whereas  hyperbaric  oxygenation  prolonged 
persistence  by  as  much  as  five  times  that  obtained  at  one 
atmosphere  (e.g.,  Anderson,  1968).  SP  changes  with  hyperbaric 
oxygenation  apparently  have  not  been  investigated  and  this  may  be 
an  area  needing  research. 

Drummond  and  Rebuck  (1981)  studied  the  effect  of  hypoxia, 
hypocapnia,  and  moderate  hyperoxia  on  the  SP  in  man.  Subjects  were 
eight  males  and  seven  females  between  the  ages  of  22  and  47.  No 
subject  had  visual  abnormalities  other  than  simple  refractive 
errors.  A  rebreathing  device  was  used  to  produce  hypoxia  and  CO2 
was  removed  from  the  inspired  mixture.  Oxygen  saturation  of  the 
blood  was  monitored  continuously  and  maintained  at  80  percent  by 
addition  of  oxygen  to  the  rebreather.  In  a  first  series  of 
experiments,  natural  fluctuations  in  the  SP  appeared,  despite  a 
long  period  of  adaptation  to  a  constant  light  and  these  interfered 
with  measurement  of  hypoxia  effects.  They  reported  hypoxia  may 
have  had  the  effect  of  dampening  this  sinusoidal  variation. 

In  a  second  series  of  experiments,  the  sinusoidal  SP  variation 
more  or  less  was  brought  under  control.  '’Light  off"  and  "light  on" 
periods  (12  minutes  each)  were  alternated  and  the  "light  on" 
periods  then  produced  a  steep  sinusoidal  rise  in  the  SP  and  the 
"light  off"  periods  corresponded  to  and  increased  the  fall  of  the 
sinusoid.  In  the  hypoxia  condition,  the  first  dark-light  cycle 
began  and  was  4  minutes  from  completion  when  hypoxia  began.  Thus 
the  second  dark-light  cycle  began  4  minutes  following  the  onset  of 
hypoxia  and  these  4  minutes  were  about  the  time  it  took  for  blood 
oxygen  saturation  to  drop  to  80  percent. 
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The  dark  trough  following  hypoxia  was  lower  than  that  during  a 
control  condition  consisting  of  a  similar  repetition  of  the  two 
dark-light  cycles,  but  with  air  breathing  throughout.  Another 
change  with  hypoxia  was  found  for  the  second  light-onset- induced  SP 
peak  which  was  lower  than  in  the  control  condition. 

A  similar  dark-light/dark-light  sequence  was  used  to  study 
effects  of  hyperoxia  and  hypocapnia  on  the  SP.  Hyperoxia  was 
produced  by  breathing  pure  oxygen  at  the  normal  atmospheric 
pressure.  Hypocapnia  was  induced  by  hyperventilation.  Hypocapnia 
and  hyperoxia  began  4  minutes  before  completion  of  the  first  dark- 
light  cycle. 

Breathing  pure  oxygen  did  not  change  the  light  peaks  and 
troughs  from  those  obtained  during  constant  air  breathing.  The 
series  of  tests  on  hypocapnia  was  cut  short  when  the  sixth  subject 
tested  experienced  dysarthria  (speech  impairment)  and  an  apparent 
left  facial  weakness.  However,  hypocapnia  also  did  not 
consistently  change  the  light  peaks  and  troughs  and  this  is 
surprising  since  Fenn  et  al.  (1949)  had  found  hypocapnia  to  produce 
larger  SP  changes  than  hypoxia.  In  summary,  only  hypoxia  was  found 
to  have  an  effect  on  the  SP  and  inspection  of  the  figures  in  the 
Drummond  and  Rebuck  indicates  even  this  was  a  fairly  small  effect 
compared  to  the  sinusoidal  variation  in  the  SP  induced  by  the  dark- 
light  cycle.  As  discussed  earlier,  hyperbaric  oxygenation  might  be 
expected  to  produce  an  effect  on  level  of  the  SP  or  on  SP  oscilla¬ 
tion,  even  though  breathing  pure  oxygen  at  one  atmosphere  did  not. 

Marmor,  Donovan,  and  Gaba  (1985)  assessed  changes  in  the  SP  as 
a  function  of  hypoxia,  and  assessed  the  effects  when  hypoxia  was 
followed  by  100  percent  oxygen  and  air  breathing.  One  subject  was 
a  3 3 -year-old  emmetropic  male  without  retinal  pathology  and  with 
large  easily  recordable  ERG  c-waves.  The  other  subject  was  a  42- 
year-old  male  with  3.75  diopters  of  myopia,  tigroid  fundus 
pigmentation,  a  flat  nevus  in  the  left  eye,  and  minimal  or 
nonrecordable  ERG  c-waves.  Recordings  were  made  in  darkness  with 
the  exception  of  red  LED  fixation  lights.  For  15  seconds  out  of 
each  minute,  LEDs  subtending  a  visual  angle  of  45  degrees  were 
alternated  back  and  forth  every  1.5  seconds.  The  oxygen  levels 
were  near  10  percent  and  hemoglobin  oxygen  saturation  was  lowered 
to  values  near  80  percent.  These  low  levels  were  achieved 
gradually  (over  a  period  of  5  to  10  minutes)  to  minimize  possible 
systemic  effects. 

Both  subjects  showed  a  slow,  but  reproducible  rise  in  the  SP  as 
a  result  of  reduced  oxygen  saturation.  Raising  the  lowered  oxygen 
saturation  by  breathing  100  percent  oxygen  or  room  air  caused  a 
sharp  fall  of  the  SP  by  20-30  percent  of  its  amplitude.  After  5-10 
minutes,  the  SP  began  to  drift  back  upward  toward  baseline  levels. 
The  SP  changes  always  were  similar  in  both  eyes.  They  were 
reproducible  within  the  same  session  and  also  when  repeated  on 
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different  days.  Control  conditions  with  air  and  100  percent  oxygen 
were  alternated  with  hypoxia  and  these  led  to  a  SP  baseline  that 
was  effectively  stable  and  showed  neither  gas-related  shifts  nor 
slow  (two-per-hour)  oscillations.  However,  the  hypoxia  condition 
never  led  to  such  stability.  When  CO?  was  monitored  there  was  only 
a  small  shift  over  20  minutes  of  ventilation  (from  40-  to  36-mm 
Hg) .  Thus  the  subject  was  not  particularly  hypocapnic  and  CO? 
changes  were  unlikely  to  have  caused  the  SP  shifts  with  hypoxia. 

The  authors  indicated  this  was  only  a  pilot  study  with  a  restricted 
range  of  hypoxic  conditions.  They  indicated  this  range  needed  to 
include  more  severe  levels  of  hypoxia  which  they  anticipated  would 
produce  substantial  SP  shifts. 

Kreienbuhl  and  Hiemeyer  (1985)  studied  the  SP  and  c-wave  of  the 
perfused  cat  eye  while  varying  the  oxygen  content  and  also  the  flow 
rate  of  the  perfusate.  Increases  in  flow  rate  with  oxygen  constant 
often  increased  the  SP,  but  produced  no  changes  in  the  c-wave. 
Decreases  in  flow  rate  with  oxygen  constant  produced  inconsistent 
changes  in  the  SP,  but  produced  no  changes  in  the  c-wave. 

Kreienbuhl  and  Niemeyer  also  found  changes  in  oxygen  with  flow 
rate  constant  were  related  inversely  to  changes  in  the  c-wave. 
Increasing  oxygen  increased  the  SP,  but  decreasing  oxygen  left  the 
SP  unchanged.  These  results  showed  a  general  lack  of  correlation 
between  the  ERG  c-wave  and  the  SP  in  the  perfused  eye. 

Linsenmeier  and  Steinberg  (1986)  investigated  the  mechanism  of 
hypoxic  effects  on  SP  and  DC  ERG  of  the  cat.  The  subjects  were 
anesthetized  or  decerebrate  cats.  SPs  and  DC  ERGs  were  measured 
between  a  reference  electrode  behind  the  eye  and  a  silver  wire  in 
the  vitreous.  The  transepithelial  potential  (TEP)  was  measured 
between  the  reference  electrode  behind  the  eye  and  a  microelectrode 
in  the  subretinal  space.  Stimuli  were  periods  of  white  light 
having  an  illumination  at  about  rod  saturation  presented  in  most 
cases  to  an  initially  dark-adapted  retina.  Air  or  gas  mixtures 
were  breathed,  with  the  latter  reducing  arterial  oxygen  tension  to 
various  levels.  The  SP  increased  upon  the  onset  of  hypoxia  and 
decreased  at  the  end  of  hypoxia.  The  SP  change  with  hypoxia  onset 
was  greatest  for  dark-adapted  eyes  and  was  much  reduced  if  hypoxia 
occurred  during  exposure  to  steady  light  (with  hypoxia  onset 
occurring  after  the  SP  had  stabilized  following  shifts  resulting 
from  light  onset) .  TEPs  always  showed  the  bulk  of  the  SP  shifts 
and  this  indicated  the  SPs  were  produced  largely  in  the  retinal 
pigment  epithelial  cells  and  not  by  the  neural  retina.  ERG  c-wave 
changes  with  hypoxia  mimicked  SP  changes  and  large  SP  changes 
almost  always  were  accompanied  by  large  c-wave  changes.  Subsequent 
to  the  c-wave,  there  is  a  drop  in  voltage  in  the  ERG  known  as  the 
fast-oscillation  trough.  This  was  lower  significantly  during 
hypoxia  than  during  normoxia.  A  light  peak  follows  this  trough 
after  several  minutes,  and  this  also  was  much  reduced  during 
hypoxia. 


Linsenmeier,  Smith,  and  Pokomy  (in  press)  determined  the 
effects  of  hypoxia  on  the  light  rise  of  the  SP  in  humans.  Three 
observers  were  used,  two  of  whom  were  authors  plus  a  student 
volunteer.  The  subjects  viewed  a  large  70-  by  30-degree  white 
screen  which  varied  from  an  initial  luminance  of  7.5  cd-m2 
(approximately  350  td.  for  the  8-mm  dilated  pupil) .  This  screen 
decreased  in  luminance  by  0.0333  log  unit  every  20  seconds  so  the 
screen  luminance  reached  a  minimum  of  0.35  td  after  30  minutes. 

The  screen  luminance  was  then  raised  to  6,250  td  in  a  single  step. 
During  the  prior  decreasing  luminance,  10  repeated  left-right-left 
eye  movements  occurred  for  10  seconds  every  minute  with  the 
movements  stimulated  by  a  chime  that  accompanied  illumination  of 
first  a  red  LED  20  degrees  to  the  left  and  then  illumination  of  a 
red  LED  20  degrees  to  the  right.  Observers  breathed  gas  from  a 
bladder  that  contained  either  air  or  a  mixture  of  10  percent  oxygen 
with  90  percent  nitrogen.  Arterial  oxygen  saturation  was  monitored 
continuously  with  an  ear  oximeter.  A  4-minute  sequence  of  eye 
movements  was  recorded  2  minutes  prior  to  the  end  of  the  period  of 
decreasing  luminance  and  2  minutes  after  the  step  change  in 
luminance  to  6,250  td.  After  that  a  10-second  eye-movement 
sequence  was  recorded  every  minute  for  8  minutes.  The  observer 
started  breathing  through  the  mask  or  breathing  tube  10  minutes 
before  the  light  step  and  continued  until  the  end  of  the  test.  In 
another  protocol  aimed  at  exploring  prolonged  hypoxia  effects,  the 
observers  remained  in  the  dark  for  a  period  of  10-15  minutes  at  the 
end  of  the  "ramp"  prior  to  the  light  step,  although  reduced  oxygen 
was  started  at  the  same  point  on  the  decreasing  illumination 
"ramp." 

Hypoxia  occurring  during  the  "ramp"  caused  an  earlier  rise  of 
the  SP  than  when  normal  air  was  breathed,  with  the  rise  occurring 
shortly  after  the  low-oxygen  mixture  was  introduced.  In  the  later 
experiments  where  the  step  increase  was  delayed,  there  was  less 
increase  in  the  SP  following  the  step  increase  in  luminance  during 
hypoxia  than  without  hypoxia.  Thus  hypoxia  onset  increased  the  SP 
and  prolonged  hypoxia  tended  to  reduce  peaks  of  the  SP  and  the 
peak/trough  ratio. 


Hypoxia  and  hypocapnia  and  the  ERG 

In  their  research  on  failure  of  the  rabbit  visual  pathway 
during  hypoxia,  Noell  and  Chinn  (1950)  found  breathing  pure 
nitrogen  quickly  reduced  the  ERG  b-wave.  On  the  other  hand,  a 
small  b-wave  persisted  into  late  stages  of  hypoxia  after  the  optic- 
tract  response  had  disappeared.  They  interpreted  this  to  indicate 
the  retinal  ganglion  cells  become  nonexcitable  sooner  after  the 
onset  of  hypoxia  than  the  bipolar  cells  and  photoreceptors.  Visual 
cells  in  the  cortex  and  geniculate  were  found  to  be  even  more 
sensitive  to  hypoxia  than  ganglion  cells. 
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Alpem  et  al.  (1955)  reported  Dodt  (1951)  found  the  ERG 
generated  by  flicker  was  changed  by  hyperventilation.  .  Since  the 
flicker  stimulus  used  by  Dodt  prevented  any  identification  of  how 
the  different  components  of  the  ERG  produced  by  a  single  flash  were 
influenced,  Alpem  et  al.  (1955)  assessed  the  effects  of  reduced 
alveolar  CO2  tension  on  the  a-wave  and  b-wave  of  the  human  ERG  as 
these  were  generated  by  single  flashes  at  two  flash  intensities. 

The  subjects  were  two  young  observers  who  were  dark-adapted  prior 
to  testing.  Stimulus  flashes  of  81-milli«econd  duration  were 
presented  under  conditions  of  normal  brea  ng  and  also  during 
"rather  marked"  hyperventilation.  Two  in  sity  flashes  were  used, 
one  moderate  intensity  flash  (0.011  X  lo5  olandsl  which  did  not 
produce  an  a-wave  and  one  brighter  lash  ,  .IX  105  trolands)  which 
did. 


Alpem  et  al.  found  the  b-wave  showed  an  increase  in  amplitude 
with  hyperventilation  for  both  intensities.  The  a-wave  was  reduced 
greatly  following  hyperventilation  and  sometimes  disappeared.  All 
effects  were  reversed  once  normal  breathing  was  resumed.  Ho  actual 
measures  of  blood  pH  or  levels  of  in  the  blood  were  made  to 
determine  the  degree  of  respirato-  lkalosis,  but,  according  to 
Alpem  et  al.,  this  strong  effer  hypocapnia  on  the  ERG  argued 

for  effects  of  hypocapnia  on  visual  phenomena  such  as  metacontrast 
and  alpha  adaptation  which  normally  covaried  with  ERG  changes. 

Arden  and  Greaves  (1956)  studied  the  reversible  alterations  of 
the  rabbit  ERG  after  occlusion  of  the  retinal  circulation. 
Intraocular  pressure  was  raised  above  the  arterial  pressure, 
causing  a  total  cutoff  of  blood  flow  into  the  eye.  As  a  result, 
the  ERG  was  extinguished  rapidly  with  the  c-wave  going  first, 
followed  by  the  a-wave,  and  finally  the  b-wave.  Restoration  of 
blood  flow  caused  a  rapid  return  of  the  waves  with  the  c-wave 
larger  than  normal.  Other  experiments  where  no  ERG  was  measured 
during  the  period  of  ischemia  also  showed  the  rapid  return  of  the 
ERG  after  blood  flow  was  reintroduced,  but  under  this  circumstance, 
the  c-wave  returned  at  normal  levels. 

Subsequent  experiments  were  conducted  to  elucidate  these  c-wave 
differences  after  recovery.  It  was  found  shining  a  light  on  the 
aye  just  prior  to  ischemia,  or  early  in  the  period  of  blood  cutoff 
before  ischemia  was  complete,  caused  the  enhanced  c-wave  and  also 
an  enhanced  a-wave  in  ERGs  obtained  after  ischemia.  No  enhancement 
occurred  for  these  potentials  when  the  light  was  presented  late  in 
the  period  of  ischemia.  This  effect  of  a  light  prior  to  or  early 
during  the  period  of  ischemia,  but  not  later  in  ischemia,  indicated 
the  effect  was  on  neural  processes  halted  by  ischemia  and  not  on 
photochemical  processes  which  continue  in  the  absence  of  circulat¬ 
ing  blood  (e.g.,  Craik,  1940). 

Horsten  and  Winkelman  (1957)  studied  the  effect  of  temporary 
occlusion  of  the  aorta  on  the  ERG  of  cats.  They  found  the  b-wave 
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quickly  was  reduced  to  half  height  following  clamping  of  the  aorta 
and  then  disappeared  after  about  .another  similar  period  (with  a 
bright  50  lux  stimulus) .  The  negative  potential  of  the  ERG  was 
much  more  resistant  to  clamping  of  the  aorta.  A  stimulus  intensity 
of  1.5  lux  produced  a  substantially  longer  lasting  b-wave  than  the 
50  lux  stimulus.  This  1.5-lux  stimulus  was  too  weak  to  generate  a 
negative  potential.  When  the  clamp  on  the  aorta  was  removed,  and  a 
stimulus  of  50  lux  was  used,  the  negative  potential  returned  within 
a  very  few  seconds  and  the  b-wave  followed  after  about  l  minute  (or 
more) .  The  b-wave  reached  100  percent  of  its  original  levels  after 
about  3  minutes.  Complete  recovery  of  the  b-wave  did  not  occur  for 
the  longest  period  of  aorta  occlusion.  During  recovery,  ERG 
responses  to  successive  bright  stimuli  (3-second  interval  between 
stimuli)  diminished  in  amplitude  and  a  period  of  total  darkness  was 
required  to  restore  ERG  amplitude.  With  a  dim  stimulus,  no  such 
decrease  in  ERG  amplitude  occurred.  Thus,  several  of  their 
findings  indicated  greater  perseveration  of  ERG  responses  during 
hypoxia  when  the  stimulus  was  less  intense. 

Brown,  Hill,  and  Burke  (1957)  studied  the  effect  of  hypoxia  on 
the  human  ERG  for  red,  blue,  and  white  flashes.  Breathing  oxygen 
at  a  concentration  of  15  percent  had  little  effect  on  any  of  the 
waves.  Breathing  nine  percent  oxygen,  however,  produced  an 
immediate  decrement  in  the  initial  positive  wave  for  the  red 
stimulus  (x-wave)  and  its  amplitude  continued  to  drop  to  one-half 
the  normal  value  following  10  minutes  of  breathing  the  nine  percent 
oxygen  mixture.  Much  smaller  decrements  with  hypoxia  occurred  for 
the  qualitatively  different  initial  positive  waves  (b-waves) 
produced  by  blue  and  white  stimulation. 

Recovery  of  the  hypoxia-attenuated  x-wave  following  air 
breathing  was  not  complete  in  10  minutes.  Control  experiments 
indicated  the  x-wave  reduction  with  nine  percent  oxygen  could  have 
been  only  partially  the  result  of  reduced  transmission  of  light 
through  the  hypoxia-reduced  hemoglobin  in  the  retinal  vessels 
through  which  light  must  pass  to  reach  receptors.  A  decrement  in 
cone  function  under  conditions  of  low  oxygen  was  believed  to  be  the 
basis  of  the  x-wave  changes. 

Pearlman  (1962)  did  not  study  effects  of  hypoxia  on  the  ERG, 
but  he  did  provi ’e  evidence  the  c-wave  (late  positive  deflection) 
in  the  human  ERG,  which  is  altered  by  hypoxia  (e.g.,  Arden  and 
Greaves,  1956),  is  not  produced  in  the  retina,  but  has  a 
"pupillociliary"  origin.  The  c-wave  was  measured  in  both  eyes  even 
though  one  was  covered  and  not  stimulated.  When  a  mydriatic- 
cycloplegic  agent  (one  percent  Cyclogel)  was  introduced,  the  c-wave 
was  eliminated.  The  same  was  true  for  a  miotic  (two  percent 
Pilocarpine).  In  both  cases,  the  b-wave  was  present.  The 
untreated  eye  continued  to  demonstrate  the  c-wave  even  (as  noted 
above)  when  it  was  covered  and  only  the  treated  eye  was  stimulated. 
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Pearlman  judged  the  source  of  the  c-wave  somewhat  more  likely  to  be 
the  pupil  than  the  ciliary  body. 

According  to  Mitari  and  Takagi  (1965) ,  Nagaya  and  Muneoka 
(1963)  found  the  critical  concentrations  of  inspired  oxygen  to 
produce  nonexcitability  of  the  human  visual  pathway  were  14  percent 
for  the  cortex,  12  to  13  percent  for  the  retinal  ganglion  cells, 
and  10  percent  for  the  bipolar  cells  and  photoreceptors. 

Mitari  and  Takagi  (1965)  themselves  gradually  decompressed 
rabbits  to  10,000  meters  and  then  gradually  returned  them  to  sea 
level.  ERG  a-waves  and  b-waves  were  reduced  in  amplitude  as 
elevation  increased.  Latencies  increased  for  the  ERG  with 
decompression  and  also  for  evoked  responses  recorded  at  the  lateral 
geniculate,  superior  colliculus,  and  cortex.  The  increases  in 
latency  at  altitude  were  more  pronounced  for  the  ERG  than  for  the 
various  evoked  responses.  Recovery  of  latency  upon  recompression 
was  slowed  for  the  ERG  b-wave  and  for  the  cortical  evoked 
responses.  This  was  not  the  case  for  the  ERG  a-wa ve  and  for  evoked 
responses  from  the  lateral  geniculate  and  superior  colliculus. 

Fujino  and  Hamasaki  (1965)  studied  the  effect  of  occluding  the 
retinal  and  choroidal  circulation  on  the  electroretinogram  of 
monkeys.  When  both  retinal  and  choroidal  circulations  were 
blocked,  there  was  an  immediate  loss  of  the  b-wave.  The  P  I 
component  of  the  EP.G  was  lost  after  5  minutes  and  the  P  III  after 
20  to  40  minutes.  When  just  the  retinal  circulation  was 
interrupted,  there  was  an  immediate  depression  of  the  b-wave 
followed  by  its  abolition  in  60  seconds.  The  P  I  and  P  III 
components  were  maintained  for  at  least  60  minutes.  Choroidal 
occlusion  with  retinal  circulation  intact  resulted  in  b-wave  loss 
in  times  comparable  to  when  only  the  retinn.  circulation  was 
interrupted.  The  P  I  and  P  III  components  c.ou.-u  not  be  maintained 
by  the  retinal  circulation  and  disappeared  after  20  to  40  minutes. 

Gouras  and  Carr  (1965)  found  large  differences  in  light- 
induced  DC  responses  of  the  monkey  retina  before  and  after  central 
retinal  artery  interruption.  The  effect  of  eliminating  retinal 
circulation  was  to  destroy  inner  retinal  layers  while  leaving  outer 
layers  which  receive  oxygen  from  the  choroidal  circulation  intact. 
The  effect  of  this  was  to  eliminate  or  greatly  reduce  the  normal 
positive  DC  response  to  light.  The  ERG  b-wave  also  was  reduced 
greatly  and  the  a-wave  dominated  ERG  records.  However,  despite  the 
destruction  of  inner  retinal  layers,  the  sodium-azide  response 
(Noell,  1952)  still  was  present. 

Massopust,  Wolin,  and  Barnes  (1966)  studied  the  ERG  in  cats 
exposed  to  severe  hypoxia  (9.1  percent  oxygen).  They  found  boch 
the  a-wave  and  b-wave  amplitudes  decreased.  The  latency  of  the  fa- 
wave  increased  in  all  cases.  The  latency  of  the  a-wave  did  not 
change . 


Fujino  and  Hamasaki  (1967)  studied  the  effect  of  intraocular 
pressure  on  the  electroretinogram  of  monkeys  and  determined  it  was 
ocular  ischemia  caused  by  the  pressure  and  not  pressure  per  se  that 
caused  the  disappearance  of  the  ERG. 

Karlberg,  Hedin,  and  Bjomberg  (1968)  measured  the  human  ERG 
during  a  short-term  intraocular  tension  rise  produced  by  a 
transparent  suction  cup  electrode  applied  to  the  eye.  Low  suction 
pressures  of  80  and  100  mm  Hg  produced  no  ERG  changes.  Suction  of 
120  mm  Hg  produced  a  25  percent  reduction  of  the  b-wave  that 
remained  constant  for  the  full  20  minutes  of  suction.  A  suction  of 
150  mm  Hg  decreased  the  b-vave  to  one-half  its  amplitude  in  50  to 
60  seconds  and  abolished  it  after  100  to  110  seconds. 

Van  den  Bos  (1968)  studied  the  effects  of  hypoxia  on  the  ERG  in 
cats.  Oxygen  tensions  ranging  from  21  down  to  10  percent  showed 
little  effect  on  the  b-wave  amplitude.  With  tensions  lower  than  10 
percent,  the  amplitude  of  the  b-wave  dropped  sharply,  although 
occasionally  early  in  hypoxia  a  larger-than-normal  b-wave  was 
observed.  Such  supernormal  responses  occurred  with  spontaneous 
breathing,  but  not  with  controlled  respiration,  and  may  have 
reflected  hypocapnia  effects  associated  with  hyperventilation. 

When  blood-oxygen  saturations  were  very  low,  the  ERG  lost  its 
characteristic  form  and  became  a  biphasic  curve. 

Carapancea  (1971)  explored  the  effects  of  decompression  to  high 
altitudes  on  the  ERG.  He  found  the  latency  of  the  b-wave  almost 
always  increased,  its  amplitude  frequently  decreased,  and  there 
were  "irregular  variations  of  culmination  time  and  of  duration." 
Disrupted  "metabolism  of  visual  neuroepithelial  cells  [associated] 
with  rods"  was  seen  as  the  hypoxic  consequence  that  caused  these 
changes  in  the  ERG  b-wave.  No  specifics  about  altitude  were 
provided  in  this  brief  report. 

Tazawa  and  Seaman  (1972)  measured  the  ERG  of  the  living 
extracorporeal  bovine  eye  as  it  was  influenced  by  hypoxia  and 
hypothermia.  Reduction  of  ERG  components  as  a  function  of  anoxia 
(interruption  of  perfusion)  occurred  first  for  the  b-wave,  next  for 
the  slow  positive  component,  and  finally  the  a-wave.  During 
recovery  from  anoxia,  enhancement  occurred  first  for  the  a-wave, 
then  the  positive  component,  and  finally  the  b-wave. 

Sipperley,  Anderson,  and  Hamasaki  (1973)  studied  the  short-term 
effect  of  intraocular  pressure  elevation  on  the  human  ERG  using  a 
suction  cup  procedure  similar  to  that  of  Karlberg,  Hedin,  and 
Bjomberg  (1968).  Results  basically  were  similar  with  no  b-wave 
reduction  until  the  IOP  approached  or  exceeded  the  diastolic 
ophthalmic  artery  pressure.  However,  even  pressures  higher  than 
the  systolic  artery  pressure  for  5  minutes  sometimes  did  not 
completely  abolish  the  b-wave. 
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Gerstle,  Anderson,  and  Hamasaki  (1973)  studied  the  effects  of 
raising  IOP  on  the  ERG  and  optic  nerve  conduction  of  visual 
impulses  in  owl  monkeys.  IOP  levels  that  cut  off  ocular  blood 
flow,  quickly  abolished  the  ERG  b-wave.  However,  the  responses  of 
the  optic  tract  required  about  twice  as  long  to  be  abolished.  With 
a  slightly  lower  IOP,  the  b-wave  was  abolished  in  less  than  2 
minutes,  but  the  optic-tract  response  remained  at  a  low  level  for 
10  minutes.  With  slightly  lower  IOPs,  the  b-wave  always  was 
attenuated  more  as  a  result  of  the  reduced  perfusion  of  the  eye 
than  the  optic-tract  response.  IOPs  which  allowed  a  perfusion 
pressure  of  30  mm  Hg  had  almost  no  effect  on  either  the  ERG  or  the 
optic  tract  response. 

Adams  et  al.  (1977)  looked  at  the  effects  of  hypoxia  on  visual 
function  and  its  moderation  by  chemotherapy.  They  found  a  strong 
rapid  deterioration  of  the  ERG,  responses  evoked  at  the  optic 
tract,  and  responses  evoked  at  the  striate  cortex  when  animals 
breathed  8  percent  and  10  percent  oxygen  levels.  On  the  other 
hand,  12  and  15  percent  oxygen  did  not  produce  decreases  in  retinal 
and  neural  function,  despite  periods  of  testing  of  up  to  8  hours. 

In  line  with  Gerstle  and  Anderson  (1973),  ERG-b-wave  decrements 
exceeded  optic-tract  decrements  and  this  indicated  the  b-wave  was 
not  closely  correlated  with  retinal  output.  They  claimed  it  was 
more  likely  a  measure  of  the  metabolic  state  of  the  retina. 

In  a  second  series  of  experiments,  Adams  et  al.  (1977)  looked 
at  effects  of  hypoxia  on  blood  pH  and  the  ERG  b-wave.  There  was  a 
large  increase  in  acidosis  at  later  stages  of  exposure  to  nine 
percent  oxygen2  and  b-wave  amplitude  was  typically  inversely 
related  to  blood  acidity  during  hypoxia  and  during  the  slow 
recovery  that  occurred  during  normal  air  breathing.  On  the  other 
hand,  blood  acidity  increased  relatively  slowly  during  hypoxia 
while  an  immediate  decrement  in  the  b-wave  was  noted.  Metabolic 
buffering  of  blood  pH  was  found  to  reduce  the  decrement  in  the  fa- 
wave  during  hypoxia. 

In  experiments  with  cats  breathing  normal  air,  Adams  et  al. 
(1977)  found  respiratory  alkalosis  induced  by  hyperventilation  had 
little  effect  on  the  ERG,  but  that  metabolic  alkalosis  produced  by 
intravenous  infusion  of  bicarbonate  produced. a  significant  increase 
in  amplitude  of  the  ERG  b-wave  that  was  reversed  by  injection  of 
acid.  This  contrasts  with  research  of  Alpem  and  Hendley  (1952) 
who  found  respiratory  alkalosis  had  a  major  effect  on  absolute 
visual  sensitivity  and  CFF  while  metabolic  alkalosis  had  little 


2  The  basis  for  this  acidosis  may  have  been  reduced 
respiration  of  the  anesthetized  animals.  On  the  other  hand, 
arterial  C02  apparently  did  not  show  parallel  increases  to  pH 
decreases. 
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effect.  The  low  correlation  between  b-wave  changes  and  changes  in 
neural  output  fro'a  the  retina  may  help  explain  these  contrasting 
results. 


Eysel  (1978)  investigated  the  susceptibility  of  the  cat's 
visual  system  to  hypoxia,  hypotonia,  and  circulatory  arrest. 
Simultaneous  measures  of  responses  to  flash  stimuli  were  made  at 
the  retina  (ERG),  optic  tract,  lateral  geniculate,  superior 
colliculus,  and  visual  cortex.  Hypoxia  induced  by  pure  nitrogen 
first  effected  the  b-wave  of  the  ERG,  then  the  postsynaptic  compon¬ 
ents  of  the  visual  cortex,  then  the  superior  colliculus  and  lateral 
geniculate  nuclei,  then  the  response  of  the  optic  tract  to 
electrical  stimuli  and  the  less  susceptible  receptor  component  of 
the  ERG. 
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Ingenito  and  Durlacher  (1979)  studied  the  effects  of  carbon 
monoxide  on  the  b-wave  of  the  cat  ERG  and  compared  them  with 
effects  of  nitrogen  h/poxia,  epinephrine,  vasodilator  drugs,  and 
changes  in  respiratory  tidal  volume.  Low  COHb  levels  reduced  the 
b-wave,  whereas  hypoxia-reduced  HbC>2  levels  of  comparable  magnitude 
did  not.  In  fact,  low-oxygen-high-nitrogen  hypoxia  led  to 
hypocapnia  and  an  enhancement  of  the  b-wave.  Some  toxic  CO  effect 
on  the  retina  was  believed  to  have  produced  the  CO  decrement  in  the 
b-wave  and  not  a  tissue  hypoxia  associated  with  the  reduction  of 
Hb02  as  a  result  of  the  7.5  percent  COHb. 

Howard  and  Sawyer  (1975)  studied  the  ERG  in  six  dogs  who 
underwent  hypoxia  and  in  four  of  these  six  dogs  who  were  subjected 
to  increased  intraocular  pressure.  Lowering  the  arterial  oxygen  to 
45  torr  by  increasing  the  nitrogen  content  of  the  respiratory 
mixture,  caused  a  sharp  decrease  in  b-wave  amplitude  in  all  dogs. 
Arterial  C02  was  monitored  and  maintained  at  38  +/-  2  torr.  Drops 
in  the  b-wave  occurred  for  arterial  O2  levels  above  45  torr,  but 
these  were  small  relative  to  the  drop  at  45  torr.  Reducing  the 
intraocular  perfusion  pressure  to  45  mm  Hg  (by  increasing  the 

intraocular  pressure  to  within  45  mm  Hg  of  the  arterial  blood 

pressure)  produced  a  similar  diminution  of  the  ERG  b-wave  to  that 
obtained  by  reducing  arterial  02  levels  to  45  torr.  For  both 
treatments,  the  b-wave  was  reduced  or  disappeared  much  more  quickly 
than  the  a-wave. 

Niemeyer,  Nagahara,  and  Demar.t  (1982)  studied  the  effects  of 
changes  in  arterial  O2  and  CO2  on  the  ERG  in  the  cat.  Cats 
breathed  different  gas  mixtures  of  100  percent  oxygen,  10  percent 
oxygen-90  percent  nitrogen,  5  percent  oxygen-95  percent  nitrogen,  5 
percent  C02  in  air,  10  percent  CO2  in  air,  and  5  percent  C02-95 

percent  oxygen.  The  period  of  exposure  to  these  gases  was  10 

minutes  except  for  5  percent  oxygen  vhich  was  only  for  5  minutes. 

The  ERG  b-wave  showed  no  change  during  breathing  of  pure 
oxygen,  showed  a  small  decrease  with  10  percent  oxygen,  and  showed 
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a  much  larger  decrease  with  5  percent  oxygen.  None  of  the  co^ 
mixtures  had  any  effect  on  the  b-wave.  The  c-wave  dropped  slightly 
during  breathing  of  pure  oxygen.  The  c-wave  showed  a  sharp  rise 
with  10  percent  oxygen  and  this  was  followed  by  a  several  minute 
drop  upon  return  to  air  breathing.  An  even  sharper  rise  in  the  c- 
wave  occurred  with  breathing  of  5  percent  oxygen  followed  by  a 
nearly  instantaneous  drop  on  return  to  air.  This  drop  was  to  a 
point  well  below  prehypoxia  levels.  The  c-wave  rose  and  then 
dropped  for  all  CO2  mixtures  with  the  steepest  rise  for  10  percent 
C02. 


Arterial  blood  pressure  dropped  at  the  beginning  of  breathing 
of  all  gas  mixtures,  except  100  percent  oxygen.  It  then  rose 
during  the  gas-breathing  perica  with  a  further  rise  upon  return  to 
air  breathing.  Arterial  blood  pressure  then  returned  to  normal 
levels  after  5  to  10  minutes.  Arterial  blood  pressure  typically 
w*s  correlated  negatively  with  the  c-wave  and  it  was  believed  the 
increased  choroidal  blood  flow  directly  affected  (reduced)  the  c- 
wav«.  The  authors  claim  their  b-wave  findings  offer  electrophysi- 
ological  evidence  for  autoregulation  of  the  retinal  vessels.  How¬ 
ever,  they  noted  this  vasculature  cannot  quite  cope  with  the  low 
arterial  oxygen  tensions  of  30  and  26  mm  Hg  associated  with  10 
percent  and  5  percent  oxygen,  respectively.  This  finding  for  the 
ERG  corresponds  closely  to  ganglion-cell  results  of  Enroth-Cugell , 
Goldstick,  and  Linsenmeier  (1980),  who  found  ganglion-cell  function 
was  affected  sharply  at  an  arterial  oxygen  tension  of  about  35  mm 
Hg,  but  also  found  that  ganglion-cell  function  largely  was  unaf¬ 
fected  for  higher  oxygen  tensions^ 

Papst,  Demant,  and  Niemeyer  (1982)  studied  the  effects  of 
changes  in  perfusate  oxygen  levels  on  the  b-wave  and  on  perfusate 
flow  in  the  perfused  cat  eye.  Flow  of  perfusate  changes  when 
vessel  size  changes.  Hypoxia  reduced  the  b-wave  and  increased  the 
flow  of  perfusate.  Hyperoxia  (increases  in  perfusate  oxygen 
tension  of  from  7  to  38  percent)  increased  the  b-wave  and  reduced 
the  flow  of  perfusate.  During  hypoxia  the  diameter  of  arteries 
increased  by  up  to  22  percent  and  the  diameter  of  veins  increased 
by  up  to  14.3  percent. 

Linsenmeier,  Mines,  and  Steinberg  (1983)  studied  the  effects  of 
hypoxia  and  hypercapnia  on  the  light  peak  and  ERG  of  the  cat. 

Adult  cats  breathed  gas  mixtures  that  reduced  arterial  oxygen 
tension  in  some  experiments  and  increased  arterial  blood  acidity  in 
others.  The  DC  ERG  was  recorded  at  different  levels  of  hypoxia  and 
hypercapnia  to  a  5-minute  stimulus  of  diffuse  white  light  about  a 
og  unit  above  rod  saturation. 

They  found  the  light  peak  of  the  DC  ERG  was  found  to  be  sharply 
reduced  by  both  hypoxia  and  hypercapnia  with  the  change  occurring 
for  hypoxia  at  much  lower  levels  of  hypoxia  than  the  hypoxic  level 
required  to  reduce  retinal  response.  Although  the  magnitude  of 
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changes  of  the  light  peak  induced  by  hypoxia  and  hypercapnia  were 
similar,  there  were  some  differences  in  the  wave  forms  for  the  two 
conditions.  Changes  in  arterial  pH  with  hypoxia  were  minimal  and 
although  pH  changes  within  the  eye  itself  produced  by  hypoxia  may 
have  accounted  for  the  reduced  light  peak,  it  was  not  via  hypoxic 
changes  in  arterial  pH.  ERG  b-wave  changes  did  not  occur  until 
much  higher  levels  of  hypoxia  than  required  to  alter  the  light 
peak.  However,  even  low  levels  of  hypercapnia  (arterial  pH  «*  7.2) 
reduced  the  b-wave.  Increases  in  the  c-wave  typically  occurred 
with  small  reductions  in  arterial  oxygen  tension,  but  the  results 
were  more  variable  than  those  produced  by  low  oxygen  for  the  light 
peak.  Hypercapnia  also  increased  the  c-wave  with  the  changes 
beginning  at  a  blood  pH  of  about  7.3. 

Linsenmeier  and  Steinberg  (1984)  studied  the  effects  of  hypoxia 
on  potassium  homeostasis  and  on  pigment  epithelial  cells  in  the  cat 
retina.  They  were  seeking  a  mechanism  to  explain  the  effects  of 
moderate  levels  of  hypoxia  on  the  DC  ERG  and  other  ocular  poten¬ 
tials.  Subjects  were  26  anesthetized  adult  cats.  K*  levels  in  the 
subretinal  space  and  apical/basal  membrane  hyperpolarizations  in 
retinal  pigment  epithelium  cells  were  recorded  during  various  illu¬ 
mination  levels  (including  darkness)  and  with  different  arterial 
oxygen  tensions.  Hypoxia  led  to  a  rapid  buildup  of  potassium  in 
the  subretinal  space  during  dark  adaptation  which  caused  a  depolar¬ 
ization  of  first  the  apical  and  then  the  basal  membranes  of  retinal 
pigment  epithelium  cells.  Hypoxia  slowed  light-evoked  potassium 
and  membrane  responses,  increased  their  amplitudes,  and  slowed  and 
reduced  their  recovery. 

Steinberg  (in  press)  provided  a  review  of  studies  of  the  ef¬ 
fects  of  mild  hypoxia  on  the  ERG,  SP,  and  underlying  processes  in 
the  photoreceptors  and  pigment  epithelial  cells.  Hypoxia  was  seen 
to  slow  the  Na+K+  pump  of  the  rods.  This  leads  to  an  excess  of  K* 
in  the  subretinal  space  which  depolarizes  apical  and  basal  mem¬ 
branes  of  the  retinal  pigment  epithelium.  This  depolarization  in¬ 
creases  the  SP  of  the  eye.  This  slowing  of  the  Na^K+  pump  by  hy¬ 
poxia  (and  light)  reduces  oxygen  consumption  of  the  rods  and  un¬ 
doubtedly  contributes  to  the  survival  of  these  photoreceptors 
during  hypoxia. 


Hyperbaric  oxygenation  and  the  ERG 

Several  of  the  studies  reviewed  above  included  pure  oxygen 
breathing  at  normal  atmospheric  pressures  as  one  condition  among 
conditions  that  also  included  lower  than  normal  oxygen  tensions. 
In  most  cases,  there  was  no  particular  change  in  either  the  SP  of 
the  eye  or  in  the  ERG  as  a  result  of  increased  oxygen  tensions 
above  normal  air. 
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Noell  (1962),  on  the  other  hand,  found  that  long  exposures  of 
rabbits  to  oxygen  at  one  atmosphere  led  to  death  of  the  visual 
cells.  In  fact,  exposure  to  55  to  60  percent  oxygen  for  7  days 
produced  cell  death  in  almost  half  the  animals,  although  no 
evidence  for  visual  cell  death  was  obtained  with  50  percent  oxygen 
for  12  days.  A  significant  attenuation  of  the  ERG  preceded  the 
manifestation  of  visual  cell  death.  Continued  exposure  to  100 
percent  oxygen  for  5  to  8  hours  beyond  the  first  ERG  decrement  led 
to  irreversible  cell  death. 

As  would  be  expected,  given  the  toxic  effects  of  oxygen  he 
found  at  one  atmosphere,  Noell  (1962)  also  reported  that  oxygen  at 
hyperbaric  pressures  led  to  very  rapid  declines  of  the  ERG  b-wave 
of  the  rabbit.  For  example,  at  three  atmospheres  it  was  abolished 
in  200  minutes  and  at  seven  atmospheres  the  b-wave  was  abolished  in 
about  45  minutes. 

Bridges  (1966)  also  assessed  electroretinographic  changes  of 
rabbits  during  hyperbaric  oxygenation  (pure  oxygen  administered  at 
pressures  of  2.5,  3,  4,  5,  6,  and  7  atmospheres).  An  atmosphere 
2.5  times  normal  greatly  reduced  the  a-wave  at  5  hours  of  exposure, 
but  did  not  abolish  it.  This  condition  did  abolish  the  b-wave  at 
about  3.5  hours.  ERG  b-waves  and  a-waves  were  abolished  following 
exposure  to  three  atmospheres  of  pure  oxygen  and  following  exposure 
to  all  pressures  above  three  atmospheres.  With  a  pressure  of  seven 
atmospheres,  this  abolishment  occurred  in  less  than  2  hours  for  the 
a-wave  and  in  less  than  an  hour  for  the  b-wave.  When  pressure  was 
sufficient  to  abolish  both  waves,  the  a-wave  always  survived  longer 
than  the  b-wave.  The  ratio  of  a-wave  to  b-wave  survival  times 
increased  in  direct  proportion  to  the  atmospheric  pressure. 

While  pure  oxygen  at  high  pressures  eventually  abolished  the  a- 
wave  and  b-wave,  early  exposure  to  the  hyperbaric  oxygen  increased 
the  magnitude  of  both  these  waves  over  those  obtained  at 
atmospheric  pressure.  These  peak  responses  were  reached  rapidly 
with  seven  atmospheres  of  pressure  and  more  slowly  as  the  pressure 
was  reduced.  Latencies  of  these  peak  responses  were  similar  for 
the  two  waves. 

Kozousek  (1967)  studied  the  human  ERG  under  conditions  of 
normal  and  hyperbaric  oxygenation  and  this  was  the  only  report 
found  which  provided  human  ERG  data  during  hyperbaric  oxygenation. 
The  English  summary  of  their  Czechoslovakian  language  report 
indicated  both  the  positive  and  negative  ERG  potentials  were 
increased  with  hyperbaric  oxygenation.  The  ERG  quickly  returned  to 
normal  and  sometimes  to  somewhat  lower  than  normal  levels  when 
hyperbaric  oxygenation  ended. 
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Conclusions  and  research  needs 


Although  a  total  retinal  ischemia  produced  dramatic  drop^  in 
the  SP,  reduced  oxygen  tensions  had  a  much  more  subtle  effect  on 
this  potential.  On  the  other  hand,  moderate  levels  of  hypoxia  that 
have  little  or  no  effect  on  the  ERG  do  alter  the  SP.  Contradictory 
results  existed  on  the  effects  of  hypocapnia  on  the  SP  with  the 
early  research  of  Fenn  et  al.  (1949)  finding  hypocapnia  boosting 
the  SP  more  than  hypoxia  and  Drummond  and  Rebuck  (1981)  finding 
effects  of  hypoxia  and  no  effect  of  hypocapnia. 

A  number  of  studies  have  shown  the  ERG  b-wave  is  affected 
strongly  by  hypoxia  only  when  oxygen  levels  are  around  10  percent 
or  below  and  the  b-wave  generally  is  unaffected  by  slightly  higher 
oxygen  tensions.  This  corresponds  closely  to  the  hypoxic  levels 
required  to  influence  visual  sensitivity  (see  Chapter  l:  "Absolute 
sensitivity  and  dark  adaptation")  and  ganglion  cell  responses  (see 
the  next  chapter) .  On  the  other  hand,  research  has  indicated  that 
even  when  the  b-wave  is  much  attenuated  or  abolished,  that 
substantial  optic-tract  responses  still  may  be  occurring  to  the 
visual  stimulation. 

As  was  discussed  earlier,  no  studies  were  found  which  looked  at 
the  effects  of  hyperbaric  oxygenation  on  the  SP  in  man  or  animals. 
This  would  appear  to  be  an  important  area  for  future  research.  It 
is  true  pure  oxygen  at  a  single  atmosphere  had  negligible  effects 
on  the  SP  (Drummond  and  Rebuck,  1981) ,  but  persistence  of  vision 
following  retinal  ischemia  also  showed  little  difference  between 
air  breathing  and  pure  oxygen  breathing  at  one  atmosphere.  On  the 
other  hand,  dramatic  increases  in  persistence  of  vision  occurred 
for  pressures  above  one  atmosphere  (see  Chapter  8 :  "Persistence  cf 
vision  following  ischemia").  The  Kozousek  (1967)  finding  of 
enhanced  positive  and  negative  ERG  potentials  with  hyperbaric 
oxygenation  also  may  augur  for  substantial  SP  changes. 
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chapter  10 


The  ganglion  cells  in  the  retina  form  the  optic  tract  that 
leaves  the  eye  en  route  to  the  lateral  geniculate.  The  optic  tract 
provides  a  convenient  site  for  monitoring  of  visual  functioning  in 
animals  and  both  individual  nerve  firings  and  average  activity  have 
been  recorded.  These  optic-tract  responses  are  related  more 
directly  to  visual  stimulation  than  the  potentials  recorded  in  the 
electroretinogram  and  often  appear  even  when  ERG  activity  is 
nonexistent  (see  below) . 

In  their  research  on  failure  of  the  rabbit  visual  pathway 
during  hypoxia,  Noell  and  Chinn  (1950)  found  the  retinal  ganglion 
cells  to  become  nonexcitable  much  sooner  after  the  onset  of  hypoxia 
than  the  bipolar  cells  and  photoreceptors.  As  discussed  in  the 
previous  chapter,  this  was  based  on  a  persistent  ERG  b-wave  that 
survived  nitrogen  breathing  longer  than  the  optic  tract  response. 

On  the  other  hand,  visual  cells  in  the  cortex  and  geniculate  were 
found  to  be  even  more  sensitive  to  hypoxia  than  ganglion  cells. 

Noell  (1951)  compared  rabbits,  cats,  monkeys,  and  man  and  found 
large  differences  in  the  time  following  onset  of  asphyxiation 
before  there  was  loss  of  vision  for  humans  or  loss  of  optic-tract 
responses  for  the  other  mammals.  This  time  to  asphyxial  block  was 
312  seconds  for  rabbits,  209  seconds  for  cats,  112  seconds  for 
monkeys,  and  50  seconds  for  man.  Noell  also  concluded  the  sites  of 
asphyxial  block  in  mammalian  retinae  showed  variation  for  these 
different  species.  In  the  rabbit,  cat,  and  man  the  site  was 
determined  to  be  neurons  of  the  ganglionic  cell  layer.  Early 
processes  of  retinal  excitation  were  judged  to  produce  the  initial 
block  to  vision  for  the  cat. 

Massopust,  Wolin,  and  Barnes  (1966)  studied  optic  tract  and 
visual  evoked  cortical  potentials,  along  with  potentials  at  other 
points  of  the  visual  system  (ERG,  and  superior  colliculus)  in  cats 
exposed  to  severe  hypoxia  (9.1  percent  oxygen).  Small  variable 
increases  in  the  latency  of  evoked  potentials  were  found  with 
hypoxia  at  the  optic  tract  and  other  recording  sites.  The 
amplitude  of  these  various  potentials  was  reduced  substantially 
during  hypoxia,  although  variability  in  these  changes  was  large. 
They  also  found  the  waveforms  evoked  while  the  animal  breathed  air 
were  more  complex  than  those  evoked  during  hypoxia. 

As  discussed  in  the  previous  chapter  on  the  ERG,  Gerstle, 
Anderson,  and  Hamasaki  (1973)  studied  the  effects  of  raising 
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intraocular  pressure  (IOP)  on  the  ERG  and  optic  nerve  conduction  of 
visual  impulse  in  owl  monkeys.  IOP  levels  that  cut  off  ocular 
blood  flow,  quickly  abolished  the  ERG  b-wave.  However,  the 
responses  of  the  optic  tract  required  about  twice  as  long  to  be 
abolished.  With  a  slightly  lower  IOP  that  allowed  a  small  amount 
of  blood  to  flow  in  the  eye,  the  b-wave  was  abolished  in  less  than 
2  minutes,  but  the  optic-tract  response  remained  at  a  low  level  for 
the  full  10  minutes  over  which  it  was  measured.  IOPs  that 
attenuated  the  optic  tract  response  always  attenuated  the  b-wave  to 
a  greater  extent  and  at  some  perfusion  pressures  there  was  b-wave 
attenuation,  but  the  optic-tract  response  remained  unchanged.  IOPs 
which  allowed  a  perfusion  pressure  of  30  mm  Hg  had  almost  no  effect 
on  either  the  ERG  or  optic  tract  response. 

Adams  et  al.  (1977)  looked  at  the  effects  of  hypoxia  on  visual 
function  and  its  moderation  by  chemotherapy.  They  found  a  strong 
rapid  deterioration  of  ERG,  optic-tract  responses,  and  striate- 
cortex  responses  when  cats  breathed  8  percent  and  10  percent  oxygen 
levels.  Hypoxia-produced  decrements  in  the  SRG  b-wave  exceeded 
hypoxia-produced  decrements  in  the  optic  tract.  As  mentioned, 

Adams  et  al.  (1977)  believed  this  indicated  the  b-wave  is  not 
closely  correlated  with  retinal  output,  but  is  more  likely  a 
measure  of  the  metabolic  state  of  the  retina. 

Eysel  (1978)  investigated  the  susceptibility  of  the  cat's 
visual  system  to  hypoxia,  hypotonia,  and  circulatory  arrest. 
Simultaneous  measures  of  responses  to  flash  stimuli  were  made  at 
the  retina  (ERG) ,  optic  tract,  lateral  geniculate,  superior 
colliculus,  and  visual  cortex.  Hypoxia  induced  by  pure  nitrogen 
first  affected  the  b-wave  of  the  ERG,  then  the  poeteynaptic  compon¬ 
ents  of  the  visual  cortex,  superior  colliculus,  and  lateral 
geniculate  nuclei.  Only  after  these  sites  were  inhibited  strongly 
by  hypoxia  was  there  any  major  decrement  in  the  response  of  the 
optic  tract  to  electrical  stimuli  or  any  major  decrement  in  the 
receptor  component  of  the  ERG. 

Enroth-Cugell,  Goldstick,  and  Linsenmeier  (1980)  assessed 
effects  of  hypoxia  on  the  contrast  sensitivity  of  retinal  ganglion 
cells  and  on  the  oxygen  tension  of  the  inner  retina  itself.  Adult 
cats  were  used  with  19  providing  data  for  ganglion-cell  recordings 
alone,  7  providing  data  for  measurements  of  retinal  oxygen  tension 
alone,  and  5  providing  data  for  both  types  of  measurements. 
Electrodes  were  placed  in  the  optic  tract  and  ganglion-cell  spikes 
were  recorded  while  the  animals  viewed  sinusoidal  gratings. 
Measurements  of  retinal  oxygen  tension  were  made  with  bipolar 
polarographic  oxygen  electrodes. 

Enroth-Cugell,  Goldstick,  and  Linsenmeier  found  that  as  long  as 
the  arterial  oxygen  tension  was  greater  than  35  mm  Hg,  the 
sensitivity  of  ganglion  cells  seldom  changed.  On  the  other  hand, 
lower  oxygen  tensions  almost  always  reduced  sensitivity.  This 
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generally  was  true  of  both  the  receptive  field  center  and  its 
surround.  Retinal  oxygen  tension  (oxygen  tension  in  the  vitreous 
humor  near  the  retina)  was  directly  related  to  arterial  oxygen 
tension,  although  the  slope  of  the  function  relating  retinal  oxygen 
tension  to  arterial  oxygen  tension  was  much  steeper  for  arterial 
tensions  below  35  mm  Hg  than  above. 

Grehn  (1981)  studied  the  sensitivity  of  the  retinal  nerve  fiber 
layer  to  elevated  intraocular  pressure  and  graded  hypoxia  in  the 
cat.  An  electrode  was  placed  in  the  nerve  fiber  layer  and  * 

antidromic  responses  were  measured  to  electrical  stimulation  of  the 
ipailateral  optic  tract.  IOP  pressures  equal  to  the  arterial 
pressure  reduced  responses  to  antidromic  stimulation  with  a  fixed 
number  of  responses  occurring  almost  regardless  of  the  frequency  of  > 
antidromic  stimulation.  Asphyxia  of  the  animal  produced  results 
comparable  to  increasing  IOP.  Repeated  elevations  of  the  IOP  led 
to  a  shortening  of  the  duration  (reduction  of  the  number)  of 
responses  to  the  antidromic  stimulation.  However,  this  new 
response  pattern  did  not  change  following  the  fourth  such  repeat 
IOP  elevation.  Alternating  antidromic  electrical  stimulation  and 
light  stimulation  indicated  the  antidromic  impulse  conduction  along 
the  axons  survived  hypoxia  longer  than  the  ERG  b-wave 

Alder  and  Constable  (1981)  studied  the  effect  of  hypoxia  on  the 
mean  firing  rate  of  retinal  ganglion  cells  in  cats.  Oxygen  levels 
of  4,  5,  6,  7,  8,  10,  15,  20,  and  30  percent  were  breathed  by  the 
cats.  Recordings  were  made  from  electrodes  inserted  into  ganglion 
cells.  Cells  typically  showed  an  initial  increase  in  mean  firing 
rate  for  the  oxygen  tensions  from  4  to  10  percent,  followed  by  a 
decrease  in  firing  rate  for  cells  for  oxygen  tensions  from  4  to  8 
percent.  Only  when  oxygen  percentages  were  less  than  10  (oxygen 
tensions  less  than  45  mm  Hg)  was  there  an  effect  on  retinal 
function.  The  results  indicated  ganglion-cell  function  may  be 
strongly  affected  by  hypoxia  and  this  may  be  relevant  to  the  visual 
loss  associated  with  a  variety  of  retinal  disorders. 

Grehn,  Grusser,  and  Stange  (1984)  studied  the  effects  of  short¬ 
term  increases  in  intraocular  pressure  on  cat  retinal  ganglion  cell 
activity  associated  with  spots  of  light  or  annuli  of  light  directed 
at  the  receptive  field  of  the  ganglion  cell.  Sharp  drops  in 
impulse  rate  occurred  as  intraocular  pressure  increased,  but  these 
threshold  pressures  were  different  for  on-center  responses  than  for  * 
off-center  responses.  This  wide  variation  in  responses  to  on- 
center  and  off-center  stimulation  suggested  the  site  of  ischemia 
effects  was  closer  to  the  receptors  than  to  the  ganglion  cells. 

Similar  effects  would  be  expected  if  retinal  ischemia  were  induced 
by  reduced  oxygen  tensions  instead  of  increases  in  intraocular 
pressure. 
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Conclusions  and  research  needs 


These  studies  of  responses  of  individual  ganglion  cells  and 
averaged  responses  from  the  optic  tract  support  studies  reviewed  in 
previous  chapters  that  showed  the  ability  of  the  mammalian  eye  to 
almost  fully  compensate  for  reduced  oxygen  concentrations  until 
levels  of  about  10  percent  or  lower  are  reached.  The  different 
hypoxic  thresholds  for  responses  of  single  ganglion  cells  to  dots 
and  their  fitted  annuluses  provide  indications  of  substantial 
visual  processing  that  occurs  in  the  retina  itself  and  of  the 
relatively  high  susceptibility  of  this  processing  to  hypoxia.  Use 
of  these  ganglion  cell  recording  techniques  during  hypercapnia, 
hypocapnia,  and  carbon  monoxide  poisoning,  might  provide  insights 
into  the  effects  on  the  retina  of  these  different  respiratory 
conditions  which  influence  vision. 


Chapter  11 


EEG  and  visual  evoked  potentials 


Cortical  processing  of  inputs  from  the  eye  might  be  abolished 
by  hypoxia  even  if  signals  were  present  throughout  the  pathway  from 
the  eye  to  the  brain.  As  will  be  discussed  in  this  chapter,  some 
research  indicates  the  cortical  responses  to  visual  stimulation 
typically  are  more  sensitive  to  hypoxia  than  their  antecedents.  On 
the  other  hand,  the  absence  of  cortical  potentials  does  not 
necessarily  imply  that  vision  is  absent  even  as  the  absence  of  the 
ERG  b-wave  did  not  necessarily  imply  an  altered  or  absent  optic- 
tract  response  (Adams  et  al.,  1977). 

Gellhom  and  Hailman  (1944)  measured  both  the  CFF  and  the 
occipital  EEG  during  6-  to  17-minute  exposures  to  severe  hypoxia 
and  to  severe  hypoxia  with  elevated  C02.  Subjects  were  medical 
students  aged  20  to  25  who  viewed  a  two-degree  visual  field  through 
an  artificial  pupil.  As  was  discussed  in  Chapter  5:  "Critical 
flicker/ fusion  frequency,"  a  small  decrement  in  the  CFF  while 
breathing  8.4  percent  oxygen  became  a  substantial  effect  when  the 
concentration  of  oxygen  dropped  to  7.8  percent  in  the  same  session. 
Gellhom  and  Hailman  found  whenever  the  CFF  was  redueded  sharply, 
the  occipital  EEG  was  changed  during  these  periods.  Typically, 
this  change  involved  replacement  of  the  alpha  rhythm  by  slower  wave 
activity. 

In  their  research  on  failure  of  the  rabbit  visual  pathway 
during  hypoxia,  Noell  and  Chinn  (1950)  found  the  retinal  ganglion 
cells  to  become  nonexcitable  much  sooner  after  the  onset  of  hypoxia 
than  the  bipolar  cells  and  photoreceptors.  On  the  other  hand, 
evoked  responses  measured  at  the  cortex  and  geniculate  were  found 
to  be  even  more  sensitive  to  hypoxia  than  those  measured  at  the 
optic  tract.  When  the  optic  tract  was  stimulated  electrically,  the 
responses  to  this  stimulation  at  the  cortex  disappeared  somewhat 
more  quickly  following  nitrogen  breathing  than  the  responses  at  the 
lateral  geniculate. 

According  to  Mitari  and  Takagi  (1965),  Nagaya  and  Muneoka 
(1963)  found  the  critical  concentrations  of  inspired  oxygen  to 
produce  nonexcitability  of  the  human  visual  pathway  were  14  percent 
for  the  cortex,  12  to  13  percent  for  the  retinal  ganglion  cells, 
and  10  percent  for  the  bipolar  cells  and  photoreceptors.  The 
susceptibility  to  hypoxia  of  these  points  on  the  visual  pathway 
paralleled  the  susceptibilities  found  by  Noell  and  Chinn  (1950). 
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Massopust,  Wolin,  and  Barnes  (1966)  studied  visual  evoked 
cortical  potentials,  along  with  potentials  at  other  points  of  the 
visual  system  (ERG,  optic  chiasm,  and  superior  colliculus)  in  cats 
exposed  to  severe  hypoxia  (9.1  percent  oxygen).  Small  and  variable 
increases  in  the  latency  of  cortical  evoked  potentials  were  found 
with  hypoxia.  In  addition,  the  amplitude  of  these  potentials  was 
reduced  substantially,  although  these  changes  showed  considerable 
variability  between  animals.  They  also  found  the  waveforms  evoked 
in  air  were  more  complex  than  those  evoked  during  hypoxia. 

Kayama  (1974)  studied  visual  evoked  potentials  and  EEG  activity 
of  the  central  visual  system  daring  and  after  hypoxia  in  cats.  An 
exceedingly  low  oxygen  mixture  was  administered  (PO?  «  18-20  mm 
Hg) •  There  was  a  transient  elevation  of  all  electrical  activity  at 
the  onset  of  hypoxia.  This  electrical  activity  then  declined  and 
disappeared.  Visual  cortex  potentials  were  reduced  earlier  than 
responses  in  the  lateral  geniculate  body.  Postsynaptic  lateral 
geniculate  responses  declined  sooner  than  presynaptic  responses. 
Both  results  indicated  more  distal  locations  were  hit  hardest  by 
hypoxia  a  la  Noell  and  Chinn  (1950). 

Smith  and  Strawbridge  (1974)  studied  the  effects  of  breathing 
pure  oxygen  at  one  atmosphere  of  pressure  on  auditory  and  visual 
evoked  potentials  and  on  the  contingent  negative  variation  (CNV)  in 
seven  subjects.  Three  sessions  occurred  with  air  breathing  for  20 
minutes,  followed  by  pure  oxygen  breathing  for  20  minutes,  followed 
by  a  second  air  breathing  session  for  20  minutes.  Visual 
inspection  of  both  auditory  and  visual  evoked  potentials  indicated 
no  systematic  changes  in  amplitude  or  latency  of  waveform 
components  over  the  three  sessions  and  quantitative  waveform 
analyses  provided  a  similar  conclusion.  Data  on  the  CNV  were 
available  from  only  three  of  the  seven  subjects,  but  there  was  no 
indication  of  any  CNV  differences  between  air  breathing  and  pure 
oxygen  breathing. 

Forster  et  al.  (1975)  studied  effects  of  acute  and  prolonged 
exposure  to  an  altitude  of  4,300  meters  on  the  electroencephalogram 
and  the  visual  evoked  potential.  Seven  healthy  males  provided  data 
within  2  or  3  hours  of  the  onset  of  hypoxia  (Pao2"40  mm  Hg)  and  at 
24-  to  48-hour  intervals  for  the  next  9  to  12  days.  No  changes 
were  found  at  the  first  testing  for  any  subjects  and  it  was  only 
after  5  days  at  altitude  that  changes  were  noted.  These  were 
increases  in  EEG  frequency  and  decreases  in  VEP  amplitude.  These 
changes  were  viewed  as  indications  of  cortical  excitation  as  a 
result  of  prolonged  hypoxia. 

Petajan  et  al.  (1976)  found  carbon  monoxide  had  little  effect 
on  the  visual  cortical  evoked  response  in  rats  until  COHb  levels 
reached  a  remarkably  high  level  of  nearly  70  percent  and  these 
levels  had  to  be  maintained  for  an  hour  before  any  changes  were 
noted.  Blood  pressure  changes  resulting  from  hypoxia  were  seen  as 
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a  critical  factor  in  the  evoked  response  changes  and  also  in 
changes  in  ventral  caudal  nerve  motor  conduction  velocity  which  was 
highly  correlated  with  the  evoked  response  changes. 

Shelburne,  KcLaurin,  and  McLaurin  (1976)  studied  the  effects  of 
graded  hypoxia  on  the  VEP  and  the  EEG  of  rhesus  monkeys.  They 
found  the  VEP  was  more  persistent  than  the  EEG  following  hypoxia 
and  returned  faster  with  air  breathing  as  well.  The  shape  of  the 
VEP  waveform  shifted  during  hypoxia.  With  p02  values  less  than  39 
mm  Hg  there  was  an  upward  positive  shift  of  late  components  of  the 
VEP.  This  upward  shift  was  the  only  VEP  change  noted  for  oxygen 
tensions  between  29-39  mm  Hg. 

Shelburne,  McLaurin,  and  McLaurin  found  severe  hypoxia  greatly 
prolonged  latencies  of  various  components  of  the  VEP,  particularly 
the  first  negative  component  (N^) .  However,  this  occurred  only  for 
p02  values  below  29.7  mm  Hg.  Above  this  tension,  %  latency 
remained  constant  for  2  hours.  Amplitude  changes  of  the  Pj-Ni  VEP 
complex  also  were  closely  related  to  pO?  when  p02  was  very  low. 

With  a  p02  of  37.5  there  was  no  diminution  of  VEP  amplitude  over 
100  minutes.  With  a  pO?  of  24.5  mm  Hg,  the  VEP  gradually  declined 
and  disappeared  in  62  minutes.  With  a  p02  of  20.5  mm  Hg,  the  VEP 
rapidly  declined  and  disappeared  in  17  minutes. 

Adams  et  al.  (1977)  looked  at  the  effects  of  hypoxia  on  visual 
function  and  its  moderation  by  chemotherapy  and  ERG  and  ganglion¬ 
cell  changes  have  been  discussed  in  earlier  chapters.  They  also 
found  a  strong  rapid  deterioration  of  striate  cortex  responses  when 
animals  breathed  8  percent  and  10  percent  oxygen  levels.  However, 
they  found  these  potentials  recorded  at  the  striate  cortex  showed 
no  significant  reduction  until  the  60th  minute  of  hypoxia. 

Responses  at  the  optic  nerve  already  had  been  diminished  by  25 
percent  at  that  time,  and  ERG  b-waves  were  only  10  percent  of  their 
original  values. 

This  result  appears  contrary  to  several  earlier  studies,  such 
as  Noell  and  Chinn  (1950)  that  have  shown  disappearance  of  signals 
occurs  first  at  more  distant  points  in  the  visual  pathway  from  the 
retina.  However,  both  results  may  be  compatible.  The  Adams  et  al. 
(1977)  result  of  greater  attenuation  earlier  in  the  visual  pathway, 
suggests  if  a  signal  is  present  at  a  synaptic  junction  along  the 
visual  pathway  at  some  threshold  level,  the  signal  is  transmitted 
to  the  next  level  and  somehow  amplified.  If  the  threshold  level 
were  not  met,  no  signal  would  be  transmitted  to  the  next  level  and 
this  would  describe  the  Noell  and  Chinn  finding  of  distal  locations 
losing  the  visual  signal  first  in  severe  hypoxia. 

Eyael  (1978)  investigated  the  susceptibility  of  the  cat's 
visual  system  to  hypoxia,  hypotonia,  and  circulatory  arrest. 
Simultaneous  measures  of  responses  to  flash  stimuli  were  made  at 
the  retina  (ERG) ,  optic  tract,  lateral  geniculate,  superior 
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colliculus,  and  visual  cortex.  As  discussed  in  earlier  chapters, 
hypoxia  induced  by  pure  nitrogen  first  effected  the  b-wave  of  the 
ERG,  then  the  postsynaptic  components  of  the  visual  cortex,  then 
the  superior  colliculus  and  lateral  geniculate  nuclei,  then  the 
response  of  the  optic  tract  to  electrical  stimuli  and  the  less- 
susceptible  receptor  component  of  the  ERG. 

Kinney  et  al.  (1978)  reported  sizeable  and  significant  changes 
in  latency  and  amplitude  of  VEP  components  as  a  function  of 
compression  to  depths  as  great  as  1,600  feet.  The  helium-oxygen 
mixtures  vere  maintained  at  a  constant  0.3  atmosphere  of  oxygen 
pressure  at  each  depth  and  these  differences  probably  cannot  be 
considered  either  hypoxia  or  hyperoxia  effects.  However,  such 
intense  pressures  could  cause  even  a  small  percentage  of  C02  to 
have  a  sizable  tension  and  hypercapnia  may  have  been  a  factor  in 
the  reduced  amplitudes  and  increased  latencies  of  the  VEPs. 

Sohmer,  Freeman,  and  Malachi  (1986)  looked  at  cortical 
potentials  evoked  by  visual,  auditory,  vestibular,  and  somato¬ 
sensory  stimuli  in  as  severe  a  hypoxia  as  they  could  maintain  in 
cats  without  causing  the  animals  to  collapse.  For  some  reason, 
there  was  a  decrement  in  auditory  evoked  potentials  (at  a  po2  of  27 
mm  Hg;  oxygen  saturation  equal  to  24  percent)  that  left  visual, 
vestibular,  and  somatosensory  potentials  unchanged.  With  even 
lower  hypoxia  (p02“2l.2  mm  Hg;  oxygen  saturation  equal  to  24.5), 
the  VEP  actually  was  augmented  instead  of  depressed  as  expected. 
This  was  believed  to  have  occurred  because  of  a  pupil  dilation  that 
was  observed  at  these  severe  hypoxic  levels  which  would  have 
augmented  the  retinal  stimulation. 


Conclusions  and  research  needs 

There  may  be  a  contradiction  between  the  Adams  et  al.  (1977) 
result  of  greater  hypoxic  attenuation  of  optic  tract  responses  than 
cortical  responses  to  the  same  visual  stimuli  and  the  typical 
finding  that  visual  signals  drop  out  first  at  more  distal  points  on 
the  visual  pathway  (e.g.,  Noell  and  Chinn,  1950).  A  possible 
reconciliation  was  suggested  earlier  which  involved  signals  below 
threshold  not  crossing  synaptic  junctions  and  signals  above 
threshold  crossing  the  junction  and  also  being  amplified  or 
reconstituted  in  some  manner. 

No  studies  were  found  which  looked  at  the  effects  of  hyperbaric 
oxygenation  on  the  VEP.  Pure  oxygen  at  one  atmosphere  did  not 
produce  changes  in  the  VEP  (Smith  and  Strawbridge,  1974),  but 
hyperbaric  oxygenation  sometimes  is  qualitatively  different  in  its 
effects  than  oxygen  at  concentrations  from  21  to  100  percent  at  sea 
level.  For  example,  air  and  pure  oxygen  at  sea  level  produced 
nearly  identical  persistence  of  vision  following  Craik  blindness, 
whereas  oxygen  at  four  atmospheres  increased  persistence  by  a 
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factor  of  eight  (Carlisle,  Lanphiir,  and  Rahn,  1964) .  The 
potential  dangers  associated  with  the  hyperbaric  oxygen  environment 
probably  would  require  more  reason  than  this  for  carrying  out 
research  on  the  VEP  in  human  subjects,  however. 


VW  mi  r\  try  wawy  ■*  v  vumi 


Chapter  12 


Ocular  vessels  and  blood  flow 

The  eye  provides  a  window  on  the  blood  circulation  associated 
with  neural  networks  that  in  many  ways  are  an  extension  ot  the 
brain.  Changes  in  vessel  size  and  changes  in  blood  flow  as  a 
result  of  hypoxia,  hyperoxia,  hypocapnia,  and  hypercapnia  not  only 
shed  light  on  regulation  of  oxygen  in  the  eye,  but  also  on  the 
brain's  regulation  of  oxygen.  Ocular  circulation  thus  has  been  a 
fertile  area  of  research  on  effects  cf  hypoxia  and  this  long 
chapter  reflects  this  scientific  attention. 

Cusick,  Benson,  and  Boothby  (1940)  were  among  the  first  to 
study  the  effects  of  hypoxia  and  hyperoxia  on  the  size  of  the 
retinal  vessels.  They  noted  a  10  to  20  percent  dilation  of  both 
arteries  and  veins  when  observations  were  made  in  a  low-pressure 
chamber  at  altitudes  from  18,000  to  21,000  feet.  They  reported 
both  arteries  and  veins  appeared  dark  and  the  entire  retina 
"appears  dusky"  during  hypoxia  and  these  brightness  and  color 
changes  were  related  directly  to  the  degree  of  hypoxia.  When  100 
percent  oxygen  was  breathed  by  another  group  of  subjects,  a 
significant  decrease  in  size  of  the  vessels  was  found.  This 
decrease  varied  between  1G.5  and  37.7  percent  for  the  arteries  and 
between  16.2  and  37.5  percent  for  the  veins.  A  definite  increase 
in  redness  of  the  retina  also  was  noted,  with  both  veins  and 
arteries  taking  on  this  color.  This  indicated  that  despite  a 
reduction  of  blood  flow  associated  with  the  constriction  of  the 
vessels,  there  was  an  increased  supply  of  oxygen  to  the  tissues. 
These  vessel  changes  were  suggested  by  these  authors  to  provide  at 
least  part  of  the  explanation  for  increases  in  angioscotomata  size 
with  hypoxia  and  decreases  in  angioscotomata  size  with  hyperoxia 
(see  Chapter  4:  "Fields  of  peripheral  and  central  vision"). 

Duguet,  Dumont,  and  Bailliart  (1947)  studied  the  effects  of 
hypoxia  on  retinal  vessels  and  retinal  arterial  pressure.  Fourteen 
men  between  the  ages  of  18  and  38,  with  no  physical  or  ocular 
abnormalities,  had  their  retinal  arteries  photographed  at  reduced 
atmospheric  pressures.  A  decompression  chamber  was  used  to  produce 
altitudes  of  4,000,  5,000,  and  6,000  meters.  Photographic  measures 
of  retinal  vessels  were  made  at  each  of  these  altitudes  and  also  at 
ground  level.  Enlargement  of  retinal  vessels  usually  could  be 
noted  at  4,000  meters.  Vessels  increased  in  size  as  altitude 
increased  to  6,000  meters  with  the  increase  stabilizing  after  15 
minutes  at  that  altitude.  The  average  increase  was  21  percent  with 
a  range  from  10  to  39  percent.  Oxygen  or  a  return  to  sea  level 
caused  an  immediate  recovery  to  normal  vessel  size. 
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Seven  subjects  had  measures  made  of  retinal  diastolic  blood 
pressure  at  6,000  meters.  Retinal  arterial  blood  pressure 
increased  in  some  subjects  at  6,000  meters  and  decreased  in  others. 
All  men  shoving  increased  retinal  arterial  pressure  tolerated 
hypoxia  well.  All  men  showing  decreased  retinal  arterial  pressure 
tolerated  hypoxia  badly,  with  some  collapsing.  Retinal  arterial 
pressure  changes  typically  were  correlated  with  changes  in  the 
general  blood  pressure.  Although  they  reported  ocular  pressure 
also  was  measured  at  6,000  meters,  no  data  were  provided  or 
discussed  with  respect  to  ocular  pressure.  However,  these  results 
(typically  small  increases  in  ocular  pressure)  were  described  in 
Morcier  and  Duguet  (1950)  and  are  discussed  in  Chapter  13; 
"Intraocular  pressure." 

Sieker  and  Hickham  (1953)  confirmed  the  results  of  earlier 
investigators  that  normal  eyes  showed  vessel  dilation  in  response 
to  hypoxia  and  showed  constriction  in  response  to  breathing  of  pure 
oxygen.  They  reported  a  10  percent  increase  in  the  diameter  of 
both  arteries  ana  veins  while  subjects  breathed  10  percent  oxygen. 
They  reported  a  13.8  percent  constriction  of  arteries  and  a  15 
percent  constriction  in  veins  during  breathing  of  pure  oxygen. 

They  also  found  this  retinal  vascular  reactivity  to  pure  oxygen 
decreased  with  age  and  was  reduced  sharply  among  hypertensives  and 
diabetics. 

Frayser  and  Hickam  (1964)  studied  retinal  vascular  responses  as 
a  result  of  breathing  increased  C02  and  oxygen  concentrations. 

They  found  that  10  percent  CO2  in  air  caused  an  insignificant 
dilation  of  vessels.  Pure  oxygen  produced  a  12  percent 
constriction  of  arteries  and  a  15  percent  constriction  of  veins. 

Ten  percent  C02  with  90  percent  oxygen  produced  a  3  percent 
constriction  of  arteries  and  a  7  percent  constriction  of  veins. 
Despite  the  relative  constriction  of  vessels  when  C02  was  mixed 
with  high  oxygen,  retinal  venous  oxygen  saturation  was  increased 
over  the  pure  oxygen  condition.  Ten  percent  C02  in  air  also 
increased  venous  saturation  compared  to  air  without  added  C02-  The 
authors  suggested  C02  may  have  produced  dilation  of  vessels  smaller 
than  those  which  could  be  photographed  and  this  may  have  accounted 
for  the  increased  blood  flow  in  the  co2  condition  despite  the 
insignificant  dilation  of  photographed  vessels. 

Dollery  et  al.  (1964)  used  high-definition  retinal  photography 
and  showed  that  the  constriction  of  retinal  blood  vessels  to  pure 
oxygen  at  one  and  two  atmospheres  was  related  inversely  to  the  size 
of  the  vessel.  This  finding  held  for  all  sizes  of  arteries  with 
the  constriction  ranging  from  about  4  percent  for  the  largest  to  30 
percent  for  the  smallest  for  oxygen  at  one  atmosphere.  The 
corresponding  constrictions  were  about  12  percent  to  43  percent  for 
oxygen  at  two  atmospheres.  The  results  for  veins  indicated  only 
the  largest  showed  the  inverse  relation  between  vessel  size  and 
amount  of  constriction.  For  smaller  veins,  constriction 
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percentages  were  fairly  constant.  Nc  low-oxygen  tensions  01*  C02 
mixtures  were  included,  but  the  result  suggests  smaller  arteries 
would  be  dilated  more  than  large  arteries  for  hypoxia  and 
hypercapnia. 

Saltzman  et  al.  (1965a;  1965b)  studied  the  retinal  vascular  and 
functional  response  to  hyperbaric  oxygenation  in  normal  subjects 
and  in  patients  with  retinal  vascular  disease.  The  data  apparently 
were  collected  from  the  experimenters  themselves.  Breathing  of  100 
percent  oxygen  at  3.04  atmospheres  produced  a  decrease  in  size  of 
retinal  veins  of  28.1  percent  and  a  decrease  in  size  of  arteries  of 
19.0  percent  compared  to  breathing  air  at  one  atmosphere. 

Breathing  air  at  3.04  atmospheres  itself  produced  a  decrease  in 
size  of  retinal  veins  of  9.4  percent  and  a  decrease  in  size  of 
arteries  of  4.6  percent.  Breathing  of  100  percent  oxygen  at  one 
atmosphere  produced  a  decrease  in  size  of  retinal  veins  of  10.7 
percent  and  a  decrease  in  size  of  arteries  of  8.5  percent..  Venous 
blood  color  changed  to  a  bright  arterial  pink  during  breathing  of 
100  percent  oxygen  at  3.04  atmospheres  and  photographs  of  the 
fundus  indicated  some  of  the  smaller  vessels  visible  in  the  controj. 
picture  were  not  visible  under  hyperbaric  oxygenation.  Hypocapnia 
induced  by  a  minute  of  hyperventilation  did  not  influence  vessel 
size  either  while  air  was  breathed  at  one  atmosphere  or  oxygen  was 
breathed  at  3.04  atmospheres. 

The  researchers  also  measured  the  time  that  vision  was  retained 
during  retinal  ischaemia  induced  by  a  plunger-type 
ophthalmodynometer  that  maintained  pressure  at  a  sufficient  level 
to  interrupt  retinal  blood  flow  until  all  vision  was  lost. 
Hyperbaric  oxygenation  prolonged  the  time  to  "blackout"  from  12 
seconds  at  1.0  atmosphere  to  58  seconds  at  40  lb.  gauge  pressure 
which  produced  an  arterial  blood  oxygen  tension  above  2,200  mm  Hg . 
Delay  of  blackout  was  related  linearly  to  gauge  pressure  for  j,  3, 
12,  20  and  30  PSIG  with  an  additional  increment  beyond  the  linear 
increase  for  40  PSIG.  These  findings  (which  are  discussed  further 
in  Chapter  8:  "Persistence  of  vision  following  ischemia")  and  the 
bright  red  venous  blood  during  hyperoxic  exposure  indicated  that 
despite  a  striking  vasoconstriction,  hyperbaric  oxygenation  great. y 
increased  the  supply  of  oxygen  to  retinal  tissues. 

Trokel  (1965)  studied  the  effect  of  respiratory  gases  upon 
choroidal  hemodynamics  of  rabbits.  He  found  pure  oxygen  reduced 
blood  flow  by  32  percent,  reduced  blood  volume  by  14.2  percent,  ard 
caused  a  69  percent  increase  in  peripheral  resistance.  He  found 
that  10  percent  CO2  in  air  increased  blood  flow  by  61  percent, 
increased  blood  volume  by  55  percent,  and  produced  a  32  percent 
decrease  in  peripheral  resistance.  Trokel  also  found  that  10 
percent  C02.and  90  percent  oxygen  increased  blood  flow  by  15 
percent,  increased  blood  volume  by  22  percent,  and  produced  <\  13 
percent  decrease  in  peripheral  resistance.  Trokel  noted  the 
similarity  in  choroidal  hemodynamics  in  response  to  different 


respiratory  conditions  to  the  dynamics'  of  retinal  blood  flow 
established  in  earlier  research. 

Hickam  and  Frayser  (1966)  provided  an  analysis  and  review  of 
effects  of  oxygen  and  C02  on  retinal  circulation.  They  reported 
breathing  pure  oxygen  and  hyperventilation  while  breathing  air  both 
produced  similar  reductions  in  retinal  blood  flow  of  about  40 
percent.  Breathing  of  a  10  percent  oxygen  mixture  caused  a  16 
percent  increase  in  blood  flow.  Breathing  of  a  7  percent  C02  and 
21  percent  oxygen  mixture  caused  a  22  percent  increase  in  blood 
flow.  They  noted  the  retinal  circulation  behaved  in  many  ways  as 
does  the  cerebral  circulation.  However,  the  retinal  circulation 
typically  showed  larger  constrictions  and  blood  flow  reductions  to 
higher-than-normal  oxygen  tensions  and  smaller  dilations  and 
increases  in  blood  flow  to  increased  C02  than  was  found  for  the 
cerebral  circulation.  A  pronounced  reactive  hyperemia  (an  increase 
in  retinal  vessel  diameter)  followed  10  seconds  of  pressure  on  the 
eye  sufficient  to  obstruct  blood  flow.  This  suggested  the  vessel 
walls  were  responding  directly  to  local  metabolic  changes  in 
retinal  tissue.  Their  experiments  also  showed  constriction  of  the 
veins  to  oxygen  was  an  active  process  and  not  just  a  reaction  to 
arterial  constrictions.  The  retinal  vessel  reactions  to  these 
different  blood  gases  were  seen  as  serving  the  dual  function  of 
meeting  metabolic  requirements  of  the  retina  and  also  reducing 
fluctuations  in  perfusion  pressure  such  as  those  associated  with 
postural  changes. 

Anderson,  Saltzman,  and  Frayser  (1967)  studied  changes  in 
arterial  C02  tension  and  retinal  vessel  size  with  oxygen  breathing. 
They  were  concerned  the  constrictions  with  pure  oxygen  breathing 
might  have  been  a  result  of  reduced  pC02  instead  of  oxygen  itself. 
They  photographed  the  retinas  of  normal  young  males  and  found  pure 
oxygen  at  three  atmospheres  pressure  constricted  arteries  by  10.2 
percent  and  veins  by  16.2  percent.  Measures  of  pC02  actually 
showed  a  small  increase  during  oxygen  breathing.  Hyperventilation 
during  air  breathing  at  normal  atmospheric  pressure  led  to  a 
significant  reduction  of  pC02  (38.4  to  27.4  mm  Hg)  and  an  increase 
in  p02  (95  to  106  mm  Hg) .  This  hyperventilation  caused  a  much 
smaller  constriction  of  retinal  vessels  than  occurred  for  pure 
oxygen,  but  the  change  was  not  significantly  different  from  zero. 
The  conclusion  was  that  hypocapnia  did  not  produce  substantial 
constrictions  of  retinal  vessels. 

Dollery,  Bulpitt,  and  Kohner  (1969)  provided  a  theoretical 
discussion  of  oxygenation  of  the  retina  from  the  retinal  and 
choroidal  circulations  at  normal  and  increased  arterial  oxygen 
tensions.  They  concluded  that  under  increased  oxygen  tensions  the 
choroidal  circulation  could  supply  almost  the  entire  retina  with 
oxygen.  In  fact,  they  suggested  the  constriction  of  the  retinal 
vessels  with  oxygen  breathing  is  a  response  to  the  oxygen  levels 
provided  by  the  choroidal  circulation.  As  will  be  discussed  later, 


empirical  resei  ch  indicates  deep  inner  layers  of  the  retina  do  not 
obtain  oxygen  from  this  choroidal  source  in  such  quantities  during 
hyperoxia  (Riva,  Poumaras,  and  Tsacopoulos,  1986)  . 

Frayser  et  al.  (1971)  measured  changes  in  retinal  vessel  size 
and  changes  in  retinal  blood  flow  as  a  result  of  different  lengths 
of  exposure  to  altitude  of  nine  Canadian  Armed  Forces  members 
ranging  in  age  from  20  to  40.  A  series  of  retinal  photographs  were 
taken  2  hours,  5  days,  and  5  to  7  weeks  after  reaching  17,500  feet 
on  Mount  Logan  in  the  Yukon  Territory  (Canada)  with  baseline 
studies  carried  out  at  an  altitude  of  2,600  feet.  Transportation 
from  2,600  feet  was  by  plane  and  took  approximately  45  minutes. 
Retinal  mean  circulation  time  was  estimated  from  densitometric 
analysis  of  sequential  photographs  taken  following  the  intravenous 
injection  of  six  ml  of  5  percent  fluorescein.  Retinal  arterial  and 
retinal  venous  blood  oxygen  saturation  were  estimated 
photometrically. 

Frayser  et  al.  (1971)  found  arterial  diameter  increased  18.2 
percent  and  venous  diameter  increased  20.5  percent  2  hourc  after 
reaching  17,500  feet.  Arterial  diameter  increased  23.7  percent 
from  baseline  and  venous  diameter  increased  27.6  percent  5  days 
after  reaching  17,500  feet.  Mean  retinal  circulation  decreased 
from  4.9  seconds  at  base  camp  to  3.6  seconds  after  2  hours  at 
altitude  and  decreased  to  3.5  seconds  after  5  days  at  altitude. 
Retinal  blood  flow  increased  89  percent  2  hours  after  reaching 
17,500  feet.  Retinal  blood  flow  increased  128  percent  5  days  after 
reaching  17,500  feet.  Personnel  who  remained  at  altitude  for  5  to 
7  weeks  showed  similar  retinal  circulation  times  and  vessel 
diameter  changes  as  were  observed  at  5  days.  Retinal  blood  flow, 
however,  showed  a  significant  decline  from  measurements  made  at  5 
days  at  altitude  to  measurements  made  after  5  to  7  weeks  at  alti¬ 
tude.  The  large  increase  in  blood  flow  at  2  days  and  at  5  days 
occurred  despite  a  substantial  hypocapnia  (pC02  =  24  mm  Hg)  that 
they  claimed  on  the  basis  of  Hickam  and  Frayser  (1966)  would  reduce 
retinal  flow  by  approximately  40  percent  in  an  individual  at  normal 
oxygen  tension.  Although  no  discussion  of  this  hypocapnia 
occurred,  it  presumably  resulted  from  an  increased  respiration  rate 
at  altitude. 

Kobrick  and  Appleton  (1971)  assessed  effects  of  extended 
hypoxia  on  visual  performance  and  retinal  vascular  state.  Eight 
healthy  soldier  volunteers  were  used.  They  ranged  in  age  between 
18  and  25  and  had  normal  near  and  far  acuity,  normal  stereopsis, 
and  normal  peripheral  vision.  Dark  adaptation,  OFF,  near  and  far 
acuity  (Orthorater) ,  depth  perception,  and  stereopsis  (Orthorater) 
were  measured  at  sea  level  and  after  1,  18,  24,  and  48  hours  of 
exposure  to  an  altitude  of  15,000  feet  in  a  decompression  chamber. 
Retinal  examinations  and  fundus  photographs  were  made  at  sea  level 
and  after  the  final  testing  of  visual  and  other  functions  at  48 
hours.  Fundus  photographs  were  superimposed  and  it  was  found 


enlargement  of  retinal  vessels  occurred  following  48  hours  of 
hypoxia  with  some  changes  greater  than  100  percent.  None  of  the 
vessels  measured  showed  constriction.  Enlargements  it>  vessels 
still  were  present  1  hour  following  return  to  sea  level  although 
this  appears  to  have  been  noted  in  a  clinical  examination  and  not 
as  a  result  of  fundus  photography.  No  retinal  hemorrhage  or  edema 
was  found  as  a  result  of  altitude.  Changes  occurred  in  OFF,  dark 
adaptation,  and  peripheral  visual  response  as  a  result  of  hypoxia 
and  these  are  described  in  other  sections  of  this  report. 

Wolbarsht,  White,  and  Anderson  (1973)  compared  the  diameters  of 
veins  and  arteries  in  the  retina  while  breathing  air  at  sea  level 
and  while  breathing  pure  oxygen  at  31,000  feet.  No  differences 
were  expected,  given  that  the  oxygen  tensions  in  the  two  situations 
nearly  were  the  same,  and  no  differences  were  found. 

Rennie  and  Morrissey  (1975)  used  fundus  photography  to  assess 
retinal  changes  in  15  Himalayan  climbers.  At  19,300  feet  there  was 
observed  vascular  engorgement  with  tortuosity.1  Arteries  increased 
in  diameter  by  24  percent  and  veins  by  23  percent  over  sea  level 
measures.  One-third  of  the  climbers  had  retinal  hemorrhages,  but 
none  of  the  Sherpa  guides  who  lived  at  high  altitude  did. 

Schumacher  and  Petajan  (1975)  found  retinal  hemorrhages  in  36 
percent  of  39  subjects  exposed  to  altitudes  of  14,200  feet  or  more. 
Rapid  ascent  and  strenuous  exertion  tended  to  increase  hemorrhages. 
A  direct  relation  existed  between  headaches  frequency  at  altitude 
and  hemorrhages  at  altitude.  A  striking  direct  relation  existed 
between  headache  severity  at  altitude  and  hemorrhages  at  altitude. 

Shults  and  Swan  (1975)  studied  retinopathy  following  exposure 
to  altitude  in  six  of  eight  members  of  an  ill-fated  climbing 
expedition  who  attempted  to  climb  an  Argentine  peak.  Two  members 
of  a  four-man  summit  attempt  died  and  the  two  survivors  had 
incredible  hallucinations  that  included  a  mountain  patrol  whom  they 
believed  were  there  to  rescue  their  missing  colleagues.  Two  of 
three  members  who  had  climbed  to  37,600  feet  developed  retinal 
hemorrhages  and  the  three  members  who  climbed  to  highest  altitudes 
(19,600  and  22,600  feet)  all  developed  retinal  hemorrhages. 

Dilation  of  retinal  vessels  with  hypoxia  combined  with  exercise- 
related  reduced  intraocular  pressure  and  valsalva  maneuvers 
associated  with  climbing  efforts  were  seen  as  contributing  to 
hemorrhage  development.  Two  of  the  members  with  hemorrhages 
developed  permanent  paracentral  scotomas. 


1  Tortuosity  is  the  bending  of  normally  "straight"  vessels 
that  reflects  length  increases  that  accompany  widening  in  the 
enlarged  vessel. 
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Wiedman  (1975)  studied  high  altitude  retinal  hemorrhage  in  four 
individuals  and  noted  these  hemorrhages  typically  do  not  occur  in 
the  macular  area.  The  high  arteriovenous  transit  time  in  the  fovea 
compared  to  the  peripheral  retina  was  seen  as  preventing  a  hypoxic 
"decompensation"  of  vascular  epithelium  that  may  account  for 
increased  capillary  permeability  and  peripheral  retinal 
hemorrhages . 

Clarke  and  Duff  (1976)  studied  mountain  sickness,  retinal 
hemorrhages,  and  acclimatization  on  Mount  Everest.  They  found  the 
incidence  of  hemorrhages  to  be  4  out  of  6  for  new  climbers,  but 
found  only  2  cases  among  the  14  climbers  who  had  made  previous 
visits  to  altitudes  above  6,000  meters.  They  found  only  2  cases 
among  75  Sherpas.  They  discuss  what  appears  to  be  an  acclima¬ 
tization  effect  that  lasts  for  long  periods  between  exposures  to 
high  altitudes.  It  could  also  be  that  only  the  climbers  who  do  not 
develop  hemorrhages  return  for  another  climb.  This  could  be 
because  of  the  associated  severe  headaches  (Schumacher  and  Petajan. 
1975)  . 

Landers  (1978)  demonstrated  the  choroidal  vessels  provided 
normal  levels  or  greater-than-normal  levels  of  oxygen  to  the  inner 
retina  when  the  retinal  artery  was  obstructed  if  the  animal 
breathed  100  percent  oxygen  at  normal  atmospheric  pressure. 

Measured  oxygen  levels  near  the  retina  and  the  electroretinogram 
(which  had  been  severely  reduced)  returned  to  normal  with  oxygen 
breathing. 

Houston  and  McFadden  (1979)  studied  long-term  effects  of 
altitude  on  the  eye  by  following  up  the  subjects  who  developed 
hemorrhages  in  the  Mount  Logan  High  Altitude  Physiology  Study 
(Frayser  et  al.,  1971).  After  2  years,  they  found  perimetry  and 
Amsler  grid  testing  showed  no  abnormalities  in  16  individuals  whose 
hemorrhages  were  not  in  the  premacular  region.  Of  the  five  who  did 
have  premacular  hemorrhages,  three  had  a  persistent  scotoma  which 
was  noticeable  to  two  and  asymptomatic  for  the  third.  One  subject 
who  had  cotton-wool  spots  after  the  earlier  study  was  found  to  have 
several  small  scotomas  which  were  believed  to  represent  persistent 
nerve-fiber-bundle  defects. 

McFadden  et  al.  (1981)  studied  retinopathy  in  28  men  and  11 
women  who  spent  varying  amounts  of  time  at  an  altitude  of  5,360 
meters  prior  to  examination.  Increased  vessel  tortuosity, 
engorgement,  and  disc  hyperemia  were  found  in  all  subjects.  Mora 
than  half  developed  retinal  hemorrhages.  Unlike  groups  that  spent 
eight  to  10  days  climbing  to  5,350  meters,  the  group  flown  to  5,350 
meters  did  not  display  hemorrhages  at  initial  testing,  although 
five  (41  percent)  did  later  develop  hemorrhages  and  this  suggested 
some  minimal  period  at  altitude  is  necessary  for  retinal 
hemorrhages  to  develop.  This  probably  accounts  for  the  result  that 


studies  of  the  effects  of  fcri-'sf  hypoxia  in  decompression  chambers 
seldom  produce  retinal  hemorrhage. 

HcFadden  et  al.  (1081)  also  found  exercise  at  altitude  produced 
more  hemorrhages  than,  occurred  during  periods  of  non-exercise. 
Exercise  at  sea  level  never  led  to  retinal  hemorrhage.  The 
explanation  given  was  exercise  at  altitude  incraases  tissue  hypoxia 
"unlike  work  at  sea  level."  Vluorescein  normally  does  not  pass  the 
blood-retina  barrier,  but  In  eigne  of  20  subjects  tested, 
fluorescein  leakage  was  found  in  the  area  of  the  optic  disc. 
Typically,  there  vere  r.o  lasting  visual  dist  i.;bance3  associated 
with  these  retinal  hemorrhages  and  they  typic?*llv  cleared  up  during 
the  stay  at  altitude.  The  authors  also  reported  a  remarkable  drop 
in  blood  saturation  during  siaep  at  altitude.  This  fits  with  other 
evidence  that  brain  requirements  for  oxygen  u.re  reduced  greatly 
during  sleep,  namely  that  the  habitual  smoker  does  not  need  his 
regular  nicotine  boost  of  cerebral  blood  flow  during  sleep  and  can 
go  all  night  without  having  a  cigarette  (Dyer,  1986)  . 

Sutton  et  al.  (1980)  conducted  studies  of  the  retina  of  four 
subjects  who  spent  24  hours  decompressed  to  an  altitude  of  14,500 
feet  in  a  low-pressure  chamber.  Subjects  also  performed  a  maximal 
progressive  exercise  test  to  exhaustion  on  a  bicycle  ergometer. 

None  of  the  subjects  experienced  any  visual  symptoms  and  the  fundal 
examinations  indicated  no  hemorrhages  or  fluorescein  leakage. 

S'  oldies  of  the  visual  field  were  not  conducted,  which  was 
unfortunate,  given  that  headaches  apparently  were  experienced  along 
with  other  symptoms  of  mountain  sickness.  The  strong  correlation 
between  headaches  and  hemorrhages  found  by  Schumacher  and  Petajan 
(1975)  and  the  well-known  correlation  of  headaches  and  migraine 
scotomata,  both  suggest  efforts  of  the  visual  system  to  cope  with 
field  defects  may  produce  headaches.  This  quite  possibly  could 
occur  through  unusual  adjustments  of  the  ocular  muscles  aimed  at 
compensation  for  visual  field  loss. 

Kramar  et  al.  (1983)  assessed  the  effects  of  altitude  (3,050  to 
4,250  meters)  during  a  mountain  climb  on  various  ocular  functions 
and  other  physiological  variables  in  seven  females  ranging  in  age 
from  23  to  53.  Retinal  examinations  showed  moderate  arterial  and 
venous  dilation  in  younger  subjects  while  only  mild  dilations  were 
observed  in  35-  and  40-year-old  members.  No  changes  in  retinal 
vessels  were  observed  in  the  53-year-old.  Two  of  the  three  summit 
climbers  developed  retinal  hemorrhages  and  these  were  the  three 
youngest  members  of  the  expedition. 

Plewes  and  Farhi  (1983)  studied  peripheral  circulatory 
responses  to  acute  hvoeroxia  in  seven  anesthetized  dogs.  Pure 
oxygen  at  atmospheric  pressure  was  administered  and  blood  flow  at 
various  organs  was  measured.  Cardiac  output  decreased  by  14 
percent,  renal  blood  flow  dropped  a  significant  20  percent,  and 
ouher  intra-abdominal  organs  did  not  show  changes  in  blood  flow. 


No  changes  were  noted  in  skeletal  muscle.  Total  cerebral  blood 
flow  did  not  change  significantly,  although  there  were  significant 
decreases  to  caudate  nucleus  (-12  percent),  cerebellum  (-15 
percent) ,  mesencephalon  (-20  percent) ,  vermis  (-11  percent) , 
hippocampus  (-15  percent),  and  retina  (-27  percent).  This  large 
change  for  the  retina  undoubtedly  reflects  the  large  constriction 
of  retinal  vessels  to  oxygen  that  was  found  by  Dollery  et  al. 

(3964)  and  others. 

This  unusual  constriction  of  retinal  vessels  to  hyperoxia  can 
lead  to  retinopathy  even  as  hypoxia  can.  Herbstein  and  Murchland 
(1994)  described  a  visual  field  defect  associated  with  a  dense 
opaque  swelling  in  the  retinal  nerve-fiber  layer  in  a  healthy  44- 
year-old  who  accompanied  patients  receiving  treatment  for  multiple 
sclerosis  in  a  hyperbaric  chamber  and  who,  on  two  occasions, 
inhaled  oxygen  from  a  spare  mask  for  1  hour  at  two  atmospheres 
pressure.  Ischemia  from  vasoconstriction  was  seen  as  the  probable 
cause  of  this  "cotton-wool  spot."  A  history  of  migraine  scotomata 
in  this  subject  suggested  individual  differences  may  exist  in 
susceptibility  to  vasoconstrictive  retinal  vascular  problems  during 
hyperbaric  oxygenation. 

Riva,  Grunwald,  and  Sinclair  (1983)  used  the  technique  of  laser 
Doppler  velocimetry  to  study  the  effect  of  pure  oxygen  breathing  on 
retinal  blood  flow  in  normal  human  subjects.  Fundus  photography 
was  used  to  assess  changes  in  the  diameter  of  retinal  vessels. 

They  found  5  minutes  of  breathing  pure  oxygen  led  to  a  53  percent 
decrease  in  maximum  centerline  speed  of  red  blood  cells,  vessel 
diameter  decreased  by  12  percent,  and  retinal  blood  flow  decreased 
by  about  60  percent.  They  calculated  on  the  bases  of  these  data 
that  retinal  blood  volume  was  decreased  by  45  percent  as  a  result 
of  breathing  pure  oxygen. 

Grunwald  et  al.  (1984)  used  the  same  blood-flow-measurement 
method  and  studied  the  effect  of  breathing  pure  oxygen  on  retinal 
blood  flow  in  normals  and  in  patients  with  background  diabetic 
retinopathy.  Normals  averaged  a  17  percent  decrease  in  vessel 
diameter  ani  a  63  percent  decrease  in  blood  flow.  Patients  showed 
significant  differences  from  normals  with  only  a  9  percent  decrease 
in  vessel  diameter  and  a  36  percent  decrease  in  blood  flow  as  a 
result  of  oxygen  breathing. 

Riva,  Poumaras,  and  Tsacopoulos  (1986)  studied  regulation  of 
local  oxygen  tension  and  blood  flow  in  the  inner  retina  of 
miniature  pigs  during  breathing  of  100  percent  oxygen.  Using 
oxygen-sensitive  microelectrodes  placed  adjacent  to  arteries  and 
laser  Doppler  velocimetry,  they  determined  that  PO2  diffusing  from 
large  retinal  arteries  actually  controlled  artery  constriction  and 
limited  blood  flow.  Their  data  also  suggested  that  diffusional 
shunting  of  oxygen  from  retinal  arteries  to  nearby  veins  could 
explain  the  increase  in  venous  oxygen  saturation  during  100  percent 
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oxygen  breathing  that  previously  has  been  reported  by  others  and 
pointed  out  this  would  not  mean  that  tissue  oxygen  levels  were 
elevated  similarly.  They  found  that  retinal  periarteriolar  P02 
always  was  higher  than  the  P02  in  the  outer  retina.  This  casts 
doubt  on  the  hypothesis  suggested  by  Dollery,  Bulpitt,  and  Kohner 
(1969)  that  oxygen  diffusing  from  the  choroid  is  responsible  for 
the  constriction  of  the  arteries  during  hyperoxia.  The  unexpected¬ 
ly  low  levels  of  P02  in  the  outer  retina  may  indicate  that  oxygen 
consumption  by  the  photoreceptor-pigment  epithelium  complex 
increases  during  hyperoxia.  ^ 

Kylstra  et  al.  (1986)  studied  the  relationship  between  pressure 
in  retinal  vessels  and  the  diameter  and  tortuosity  of  the  vessels. 

They  concluded  that  at  lower  pressures,  diameter  changes  were  the 
better  index  of  pressure  changes.  On  the  other  hand,  at  higher  i 

pressures  tortuosity  was  the  better  index.  As  described  earlier, 
tortuosity  is  the  bending  of  normally  "straight"  vessels  that 
reflects  increases  in  length  of  the  enlarged  vessel. 


Conclusions  and  research  needs 

The  large  increases  in  vessel  size  and  blood  flow  as  a  result 
of  low  oxygen  levels  prevent  drops  in  visual  performance  until 
hypoxia  reaches  levels  that  the  vascular  changes  cannot  compensate. 
However,  changes  in  the  blood  volume  of  the  eye  with  these  vascular 
changes  are  not  insubstantial,  as  is  discussed  further  in  the  next 
chapter.  In  regulating  oxygenation  of  the  retina  and  associated 
tissues,  these  vascular  changes  may  operate  to  deregulate  dioptric 
or  other  characteristics  of  the  eye,  simply  because  of  the 
mechanical  effect  of  large  blood  volume  changes. 

Although  hyperventilation  and  associated  hypocapnia  were  seen 
to  reduce  blood  flow  by  40  percent  (Frayser  et  al.,  1971;  Hickam 
anu  Frayser,  1966) ,  measures  o Z  vessel  changes  with 
hyperventilation  typically  were  small  (Anderson,  Saltzman,  and 
Frayser.,  1967)  .  Hypocapnia  effects  on  vessel  size  and  blood  flow 
might  benefit  from  additional  research.  The  new  laser  Doppler 
velocimctry  methods  would  appear  to  hold  promise  for  such  research. 

This  review  typically  has  shown  that  one  or  another  respiratory 
condition  had  been  neglected  in  research  on  a  visual  performance 
such  as  tho  OFF  or  on  a  related  dependent  variable  such  as  the 
standing  potential  of  the  eye.  The  only  such  omission  noted  in 
this  review  of  the  effects  of  hypoxia  and  related  conditions  on 
vessel  size  and  blood  flow  was  research  on  the  effects  of  carbon 
monoxide.  It  would  appear  a  comparison  of  the  effects  on  vessel 
size  and  blood  flow  of  comparable  reductions  in  oxyhemoglobin  as  a 
result  of  hypoxic  and  hemic  hypoxia  would  be  important.  In  other 
words,  would  reduction  of  the  availability  of  blood  oxygen  due  to  a 
COHb  level  of  15  percent  have  similar  effects  on  the  blood  vessels 


154 


as  an  85  percent  blood  oxygen  saturation  resulting  from  breathing 
lew  oxygen  mixture?  If  there  were  differences,  it  might  indicate 
the  important  role  of  hemoglobin  without  associated  oxygen  (or 
carbon  monoxide)  in  dilating  the  retinal  vessels  and  increasing 
blood  flow  to  the  retina.  Such  differences,  if  found,  might  help 
account  for  large  differences  in  the  effects  of  the  two  types  of 
hypoxia  on  visual  performance  that  have  often  been  found. 


Chapter  13 


Intraocular  pressure 


Simple  changes  in  barometric  pressure  from  increases  and 
decreases  in  altitude  or  from  exposure  to  decompression  chambers  or  „ 
hyperbaric  chambers  might  be  expected  to  produce  changes  in 
pressure  within  the  eye,  even  without  any  influence  of  the  changed 
oxygen  tensions  that  usually  result.  Regardless  of  the  source,  any 
substantial  elevation  of  ocular  pressures  might  induce  visual  field 
loss  as  occurs  in  glaucoma  with  dangerous  consequences  for  ♦ 

aviators.  The  consequences  of  lowered  ocular  tension  would  appear 
to  be  less  serious,  but  eyeball  length  or  shape  might  change  with 
possible  effects  on  ocular  refraction,  including  astigmatic 
changes.  Several  investigations  of  the  effects  of  altitude, 
hypoxia,  hyperoxia,  hypocapnia,  and  hypercapnia  on  intraocular 
pressure  (IOP)  have  been  undertaken  and  the  of ten-contradictory 
results  are  reviewed  in  this  chapter. 

Wilmer  and  Berens  (1918)  measured  the  IOP  of  14  men  in  a  low 
pressure  chamber  and  found  no  correlation  between  the  IOP  and 
arterial  blood  pressure,  lowered  oxygen  tension,  or  various 
cardiovascular  changes.  They  promised  a  lacer  detailed  report 
which  was  not  found  and  may  not  have  appeared.  The  probable 
altitudes  of  decompression  were  15,000  and  20,000  feet,  given  that 
these  altitudes  frequently  were  used  in  their  other  decompression 
experiments  on  visual  performance. 

According  to  Mercier  and  Duguet  (1950),  Bardenzellu  (1929) 
found  no  changes  in  the  IOP  of  mountain  troops  on  winter  maneuvers 
at  2,000  meters.  According  to  McFarland,  Evans,  and  Halperin 
(1941),  Goldmann  and  Schubert  (1933)  measured  the  IOP  of  two  of 
their  subjects  and  found  no  change  as  a  result  of  decompression. 

On  the  other  hand,  and,  again  according  to  McFarland,  Evans, 
and  Halperin  (1941),  Furuya  (1936a)  measured  the  IOP  of  six 
subjects  in  a  low  pressure  chamber  and  nearly  always  found 
increases  in  ocular  tension  at  altitudes  above  13,000  feet.  As 
McFarland,  Evans,  and  Halperin  (1941)  stated,  "The  effect  was  more  # 

marked  in  sympathicotonic  than  in  vagotonic  persons.  During 
continued  exposure  at  a  given  altitude  the  tension  tended  to  recede 
toward  its  original  value.  Immediately  after  "descent"  the  tension 
dropped  further,  then  gradually  rose  to  its  original  level  in  about 
thirty  minutes."  According  to  Cooke  (1970),  Furuya  (1936a)  found 
the  increase  in  ocular  tension  was  reduced  noticeably  when  subjects 
breathed  oxygen  during  decompression. 
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Buscalossi  (1938),  according  to  McFarland,  Evans,  and  Halperin 
(1941)  and  Mercier  and  Duguet  (1950),  also  found  an  increase  in 
ocular  tension  of  12  subjects  exposed  to  low  pressure  in  a 
decompression  chamber  at  altitudes  from  3,500  to  4,500  meters. 

These  changes  were  found  to  be  similar  to  concurrent  changes  in  the 
arterial  pressure.  As  McFarland,  Evans,  and  Halperin  (1941) 
stated,  "It  increased  during  the  simulated  ascent  and  then 
decreased  toward  its  original  value  during  maintenance  of  the  low 
pressure  for  fifteen  minutes.  No  noticeable  variation  occurred 
during  "descent."  The  amount  of  elevation  of  the  ocular  tension 
was  proportionate  both  to  the  "altitude"  reached  and  the  rate  of 
"ascent"  and  was  of  an  order  of  magnitude  of  several  mm  of 
mercury . " 

Pinson  (1940)  measured  the  pressure  in  rabbit  eyes  as  the 
animals  were  decompressed  to  altitudes  of  30,000  feet  or  mor'  and 
recompressed  to  sea  level.  They  used  a  manometer  that  actually  was 
inserted  into  the  vitreous  humor.  The  changes  that  occurred 
typically  were  small  reductions  of  the  IOP  during  returns  to  sea 
level . 

Bietti  and  Lo  Monaco  Croce  (1941),  according  to  Cooke  (1970), 
conducted  a  study  with  15  subjects  and  reported  an  average  IOP 
increase  of  about  four  mm  Hg  when  subjects  were  exposed  to  an 
oxygen  poor  breathing  mixture  equivalent  to  an  18,000  feet  altitude 
without  decompression.  However,  wide  differences  were  reported  in 
these  IOP  changes  among  their  subjects. 

Mercier  and  Duguet  (1950)  reported  results  of  a  study  they 
conducted  with  Bailliart  on  seven  subjects  decompressed  to  6,000 
meters.  After  15  minutes  at  "altitude",  two  showed  practically  no 
change  in  the  IOP.  The  other  five  showed  a  rise  of  the  IOP 
averaging  about  9  mm  Hg,  with  one  of  these  subjects  showing  about  a 
14  mm  Hg  rise  in  the  IOP.  The  increased  tension  apparently 
disappeared  in  these  subjects  when  they  returned  to  ground  level. 

Giardini  and  Swanljung  (1951)  found  cats  exposed  to  an  8.5 
percent  oxygen  mixture  showed  a  significantly  larger  breaching  of 
the  blood-aqueous  barrier  than  cats  breathing  air.  .  ^..orescein  was 
injected  intravenously  and  the  time  to  its  appearance  in  the 
aqueous  humor  was  typically  2  to  3  minutes  earlier  in  the  hypoxic 
animal  than  in  the  normal  animal.  This  confirmed  an  earlier 
finding  by  Giardini  and  Nizetic  (1949)  on  guinea  pigs  who  were 
subjected  to  a  much  more  severe  hypoxia  resulting  from  breathing 
4.16  to  5.52  percent  oxygen.  Increased  permeability  of  the 
capillary  walls  of  the  ciliary  body  was  hypothesized  as  the  basis 
for  this  change  in  permeability  of  the  blood-aqueous  barrier  with 
hypoxia.  These  increases  in  passage  of  fluorescein  into  the 
anterior  chamber  with  hypoxia  were  judged  by  Bietti  (1953)  to  be 
highly  relevant  to  IOP  changes  with  hypoxia.  This  may  have  been  a 
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factor  in  the  increased  sodium  cohcentration  of  the  aqueous  humor 
during  hypoxia  reported  by  Carapancea  et  al.  (1967) . 

Giardini  (1952)  also  studied  the  permeability  of  the  blood- 
aqueous  barrier  to  fluorescein  in  man  as  a  function  of  hypoxia. 
According  to  his  English  abstract,  10  subjects  were  exposed  to  an 
oxygen  mixture  of  10  percent.  Fluorescein  concentration  in  the 
aqueous  humor  was  increased  significantly  compared  to  a  control 
test  performed  in  air.  This  increased  permeability  was  reversible 
even  at  high  altitudes.  This  apparently  meant  that  fluorescein 
leakage  was  reduced  to  prehypoxia  levels  upon  a  return  to  a  normal 
atmosphere . 

Newton  et  al.  (1963)  exposed  men  to  a  30,000  feet  altitude 
while  breathing  100  percent  oxygen  for  approximately  30  minutes, 
and  found  no  changes  in  facility  of  aqueous  outflow  or  the  IOP  at 
altitude  or  upon  return  from  altitude.  However,  a  slightly  higher 
than  sea  level  oxygen  tension  would  exist  when  pure  oxygen  was 
breathed  at  30,000  feet  and  hypoxia  may  be  critical  to  IOP  changes. 

Mercier  et  al.  (1964)  measured  the  effects  of  decompression  to 
3,000  meters  in  groups  of  nontreated  and  treated  patients  with 
glaucoma.  They  found  the  IOP  decreased  in  both  groups  at  altitude 
(3.5  and  2.5  mm  Hg  for  nontreated  and  treated  subjects, 
respectively)  and  further  decreased  upon  return  to  normal  altitude 
(an  additional  2.5  and  .4  mm  Hg  for  the  two  groups,  respectively). 
Aqueous  outflow  rates  remained  constant  and  a  reduction  of  aqueous 
humor  secretion  because  of  hypoxia  was  judged  to  be  the  basis  for 
this  reduction  of  pressure.  They  also  noted  acetazolamide  appeared 
to  enhance  the  hypotonic  effects  of  hypoxia  on  the  IOP.  For  one 
glaucomatous  patient  being  treated  with  acetazolamide,  the  IOP  was 
34  mm  Hg  at  ground  level,  27  mm  Hg  at  3,000  meters,  and  20  mm  Hg  an 
hour  after  returning  to  ground  level. 

Neuschuler  and  Palombi  (1966)  studied  the  effects  of  hypoxia  on 
the  IOP  in  20  subjects.  Subjects  breathed  mixtures  of  from  8  to  12 
percent  oxygen.  According  to  their  English-language  abstract,  they 
found  a  constant  increase  in  the  IOP.  To  determine  the  reasons  for 
the  rise,  14  of  the  subjects  were  studied  tonographically .  The 
results  indicated  increased  production  of  aqueous  humor,  increase 
of  its  defluxion,  decrease  in  defluxion  resistance,  and  a  decrease 
of  scleral  rigidity.  It  was  not  stated  in  the  abstract,  but 
apparently  the  increase  in  aqueous  production  overrode  its 
increased  "defluxion." 

Carapancea  et  al.  (1967)  provided  a  discussion  of  changes  in 
the  concentration  of  sodium  in  the  blood  and  aqueous  humor  of 
rabbits  following  a  brief  decompression  to  an  equivalent  of  9,000 
meters.  Serum  sodium  showed  a  significant  decrease  (352  mg  percent 
to  311  mg  percent)  while  sodium  in  the  aqueous  humor  significantly 
increased  (329  to  358  mg  percent) .  This  increase  of  sodium  in  the 


aqueous  was  seen  to  "cause  a  proportions  L  increase  in  the  amount  of 
aqueous  humour,  resulting  in  hypertonic  retention  of  the  aqueous 
humour  that  will  bring  about  intraocular  hypertension."  No 
measures  of  the  IOP  were  reported  in  this  rare  English-language 
report  from  these  prolific  Rumanian  researchers. 

Kaskel,  Ruther,  and  Fink  (1969)  studied  the  relationship 
between  the  IOP  and  the  arterial  pressure  and  "minute  volume  of  the 
homolateral  carotis  communis"  in  rabbits.  Their  English-language 
summary  indicated  arterial  blood  pressure  was  correlated  strongly 
with  the  IOP  (r».85).  Minute  volume  added  to  the  multiple 
regression,  but  contributed  only  a  small  amount  compared  to 
arterial  pressure. 

Cooke  (1970)  found  decompression  of  dogs  to  high  altitudes  led 
to  sharply  increased  arterial  pressures  which  were  correlated  with 
the  IOPs  that  doubled  at  45,000  feet  and  nearly  tripled  at  80,000 
feet  compared  to  sea  level.  This  occurred  during  air  breathing. 
Both  arterial  and  ocular  pressure  remained  low  when  oxygen  was 
breathed  during  decompression  to  45,000  feet.  The  IOP  also 
increased  sharply  during  decompression  to  80,000  feet  with  oxygen 
breathing,  but  at  this  altitude  even  pure  oxygen  provides  a  severe 
hypoxic  stimulus,  unless  there  is  pressurization  of  the  gas. 

Cooke  (1971)  carried  out  additional  observations  on  dogs  at 
near  vacuum  pressures  and  while  breathing  pure  nitrogen.  In  both 
instances,  there  were  sharp  increases  in  the  IOP  which,  as  in  Cooke 
(1970),  followed  sharp  increases  in  the  arterial  and  venous 
pressures. 

Kaufmann,  Schotte,  and  Holtmanri  (1971)  studied  ocular  tension 
daring  controlled  hyperventilation  in  10  healthy  young  students. 
Alveolar  and  arterial  oxygen  and  CO2  tensions  were  recorded  along 
with  blood  pH,  blood  pressure,  and  pulse  rate.  These  measures 
occurred  before,  during,  and  after  hyperventilation.  Ocular 
tension  was  measured  with  a  Schiotz  tonometer  using  the  5.5  g 
weight.  Hyperventilation  was  carried  out  at  a  rate  that  maintained 
alveolar  CO2  at  a  constant  level  of  27,6  Torr.  The  IOP 
signif ic  intly  decreased  from  an  average  of  5.6  Schiotz  units  (15.6 
mm  Hg)  during  normal  ventilation  to  6.7  Schiotz  units  (12.9  mm  Hg) 
during  hyperventilation.  Significant  correlations  were  found 
between  the  IOP  and  arterial  oxygen  (r=-0.30),  between  the  IOP  and 
arterial  C02  (r=*+0.53),  and  between  the  TOP  and  arterial  pH  (r=- 
0.58).  No  significant  changes  were  found  in  blood  pressure  or 
pulse  rate.  The  direct  relationship  of  blood  acidity  to  the  IOP 
was  contrary  to  the  finding  of  a  hypotonic  effect  of  blood  acidity 
by  Bietti  (1972)  which  is  discussed  below. 

Kaufmann,  Schotte,  and  Holtmann  (1971)  found  every  one  of  their 
10  subjects  showed  a  crop  in  the  IOP  during  hyperventilation  and  an 
increase  in  the  IOP  following  return  to  normal  respiration. 
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However,  large  individual  differences  in  the  amount  of  these 
changes  were  found,  ranging  from  less  than  one  Schiotz  unit  to  more 
than  two  Schiotz  units.  This  research  did  not  look  at  hypoxia,  but 
it  does  show  when  hypoxia  is  accompanied  by  hyperventilation  as  it 
frequently  is  (e.g.,  Frayser  et  al.,  1971),  the  IOP  can  be  expected 
to  drop.  The  decrease  in  the  IOP  was  viewed  by  Kaufmann,  Schotte, 
and  Holtmann  as  the  result  of  a  change  in  ocular  oerfusion, 
presumably,  due  to  constriction  of  retinal  ves 

Carapancea,  Stefan,  and  Udrescu  (1971)  measured  changes  in  the 
IOP  of  12  hyperopic  aviators  before  and  after  decompression  to  an 
altitude  of  5,500  meters.  Average  IOP  changed  from  19  mm  Hg  at 
normal  altitude  to  21  mm  Hg  at  5,500  m.  This  change  was  highly 
significant.  They  also  discussed  that  this  increased  IOP  with 
altitude  caused  changes  in  ocular  accommodation,  especially  for  the 
far-sighted  aviator. 

Bietti  (1972)  reviewed  a  large  body  of  research  on  the  IOP, 
much  of  which  was  conducted  by  Bietti  and  his  colleagues.  This 
research  indicated  it  was  the  blood-acidifying  effect  of 
acetazolamide  that  produced  the  reduction  of  ocular  pressure  that 
reliably  follows  administration  of  this  drug.  Calcium  chloride  and 
ascorbic  acid  were  found  to  produce  similar  effects  on  blood  pH  (or 
blood  alkali  reserve)  and  IOP  to  the  effects  produced  by 
acetazolamide. 

According  to  Bietti  et  al.  (1975),  Benedikt,  zirm,  and 
Harnoncourt  (1974)  found  acetazolamide  produced  its  hypotonizing 
effect  even  when  the  blood  acidity  was  reversed  by  infusion  of 
sodium  bicarbonate.  However,  Bietti  et  al.  (1975),  found  a  large 
infusion  of  sodium  bicarbonate  induced  IOP  changes  because  of 
changes  in  the  osmolarity  of  the  blood.  Thus,  the  fact  that  ocular 
pressure  was  reduced  by  Benedikt,  Zirm,  and  Harnoncourt  (1974), 
despite  the  elimination  of  blood  acidosis,  was  not  counter  to 
Bietti 's  claim  there  is  a  causal  relationship  of  blood  acidosis  to 
low  ocular  pressure. 

Kaufmann,  Kluxen,  and  Baumgart  (1973)  studied  the  behavior  of 
ocular  tension  and  rigidity  during  experimental  extensions  of  the 
functional  dead  space.  These  respiratory  manipulations  produced  a 
marked  increase  in  arterial  C02  from  34.5  mm  Hg  to  45.4  mm  Hg. 

Blood  pH  shifted  from  7.45  to  7.39  and  arterial  oxygen  dropped  from 
105.7  mm  Hg  to  74.0  mm  Hg.  Arterial  blood  pressure  changed  from 
130/70  to  145/80.  Ocular  tension  increased  from  7.0  Schiotz  units 
(12.2  mm  Hg)  to  6.0  Schiotz  units  (14.6  mm  Hg) .  The  coefficient  of 
rigidity  changed  from  0.023  to  0.015.  Although  oxygen  tension  was 
seen  to  modulate  the  ocular  tension  changes,  the  increased  C02 
level  was  viewed  as  the  prime  cause  of  the  ocular  tension  increase. 

This  increase  in  the  IOP  found  by  Kaufmann,  Kluxen,  and 
Baumgart  was  accompanied  by  an  increase  in  blood  acidity.  This  was 
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contrary  to  the  predictions  of  Bietti  (1972)  who  found  blood 
acidification  from  several  sources  all  led  to  a  reduction  of  the 
IOP.  However,  it  may  be  that  CO2  and  pH  changes  were  not  the  basis 
of  this  IOP  increase.  It  may  have  beer,  a  result  of  the  substantial 
increase  in  arterial  blood  pressure  that  also  occurred.1  A 
replication  of  this  research  is  needed  with  oxygen  added  to  the 
dead  space  breathing  mixture  (or  use  of  some  other  means  for 
increasing  CO2  while  holding  oxygen  tension  constant)  in  order  to 
prevent  the  confounds  of  hypoxia  and  the  blood  pressure  increase. 

Krupin  et  al.  (1977)  found  a  sharply  increased  IOP  following 
topical  application  to  the  rabbit  eye  of  nitroprusside,  or  azide 
both  of  which  promote  guanylate  cyclase  activity.  This  increased 
IOP  was  viewed  as  the  result  of  increased  production  of  aqueous 
humor  which  in  turn  was  viewed  as  a  result  of  activation  of 
guanylate  cyclase  activity  in  the  ciliary  body.  These  results  are 
included  in  this  review  of  oxygen  effects  because  of  the  potent 
effect  of  intravenous  azide  on  the  standing  potential  (SP)  of  the 
eye  and  the  strong  interaction  of  that  azide-produced  SP  increase 
with  oxygen  in  the  eye  (Noell,  1952).  Also,  there  are  the  sharply 
opposite  effects  of  acetazolamide  and  azide  on  aqueous  production 
and  on  the  SP,  and  the  many  parallel  effects  of  hypoxia  and 
acetazolamide  on  vision-related  processes.  These  suggest  possible 
parallels  between  effects  of  hvperoxia  and  azide  on  vision  and  its 
ocular  bases. 

Carapancea  (1977)  discussed  changes  in  the  IOP  and  in  the  blood 
of  the  rabbi4*  and  man  at  their  extreme  limits  of  hypoxia.  The 
French-langv.^ee  report  included  an  English  abstract  from  which  the 
following  results  were  obtained.  Sodium,  calcium,  and  Vitamin  C 
all  were  seen  to  increase  in  the  aqueouc  humor  as  a  result  of 
decompression  in  the  rabbit.  The  rabbit  r -y d  the  human  showed 
similar  i. ’.ochemical  changes  in  the  blood  during  hypoxia  and  a 
small,  but  significant  elevation  of  the  IOP  also  was  found  in  both 
species.  The  assumption  was  made  that  changes  in  the  aqueous  humor 
were  similar  in  man  as  in  the  rabbit  and  these  led  to  increased 
volume  of  the  aqueous  with  one  direct  result  being  an  increase  in 
the  IOP. 

Kielar  et  al .  (1977)  studied  the  effects  of  changes  in  inspired 
C02  and  arterial  C02  on  the  IOP.  Subjects  were  seven  healthy  male 
volunteers.  In  a  three-phase  experiment,  they  first  breathed  a  gas 
mixture  of  5.8  percent  C02,  24.6  percent  oxygen,  and  69.6  percent 


1  On  the  other  hand,  it  may  be  that  increased  blood 
acidity  causes  a  reduction  in  IOP  because  blood  acidity  causes 
hyperventilation  or  is  associated  with  the  cause  of  hyperventi¬ 
lation.  The  subsequent  hypocapnia  that  results  from  hyperven¬ 
tilation  may  be  the  actual  stimulus  for  lowered  IOP  (see  the 
review  of  Kielar  et  al.  (1977)  later  in  this  chapter). 
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nitrogen  for  10  minutes.  This  caused  a  rise  in  arterial  CO2  from 
35.6, to  43.4  mm  Hg  with  the  bulk  of  this  increase  occurring  at  the 
first  measurement  at  the  third  minute.  Blood  pH  dropped  slightly 
from  7.389  to  7.344  and  the  bulk  of  this  change  also  occurred  in 
the  first  2  minutes.  The  IOP  was  found  to  show  an  increase  of 
about  1.5  mm  Hg  at  the  first  measurement  at  3  minutes,  but  then  it 
declined  to  initial  values  at  the  end  of  the  10-minute  period. 

In  Phase  2,  the  gas  mixture  then  was  rebreathed  by  the  subject 
for  6  minutes  and  this  caused  a  further  rise  in  arterial  CO2  to 
54.4  mm  Hg  and  a  further  drop  in  blood  pH  to  7.258.  The  IOP  showed 
a  sharp  (though  statistically  insignificant)  rise  from  about  16  mm 
Hg  to  20  mm  Hg  with  the  sharpest  rise  occurring  from  the  second  to 
fifth  minute  of  this  rebreathing  phase. 

The  subject  then  was  allowed  to  breath  normal  air  (recovery 
phase) .  Arterial  CO2  dropped  sharply  and  blood  pH  rose  sharply, 
but  even  after  16  minutes  these  had  not  quite  returned  to  initial 
values  that  preceded  the  start  of  the  experiment.  A  remarkable 
drop  in  the  IOP  occurred  as  a  result  of  this  return  to  normal  air. 
At  the  first  measurement  of  the  IOP  2  minutes  after  subjects 
resumed  breathing  of  normal  air,  the  IOP  had  dropped  from  the  20  run 
Hg  level  at  the  end  of  rebreathing  (Phase  2)  to  less  than  14  mm  1-Ig. 
This  was  considerably  below  the  16  mm  Hg  IOP  measured  prior  to  the 
beginning  of  the  experiment.  The  IOP  remained  at  about  this  same 
lower-than-normal  level  during  the  16  minutes  of  recover/. 

In  a  second  experiment,  Kielar  et  al .  (1977)  had  subjects 
hyperventilate  for  7  minutes  while  C02  was  added  to  the  breathing 
mixture  in  order  to  maintain  a  constant  arterial  C02.  The  IOP  was 
measured  before,  during,  and  after  hyperventilation  and  it  was 
found  hyperventilation  and  recovery  had  almost  no  effect  on  the  IOP 
when  the  blood  C02  was  held  constant. 

In  discussion  of  their  results,  Kielar  et  al.  (1977)  indicated 
that  changes  in  inspired  C02  appeared  to  be  the  critical  factor 
determining  the  IOP  changes  with  C02  decreases  leading  to  sharp 
drops  in  the  IOP  and  C02  increases  leading  to  sharp  increases  in 
the  IOP.  Previous  research  was  discussed  which  showed  breathing  ol 
high  C02  gas  mixtures  (10  percent)  caused  a  sharp  increase  in 
ocular  blood  volume  (e.g.,  Trokel,  1965).  The  changing  C02 
mixtures  of  Kielar  et  al.  (1977)  may  have  had  large  vasodilating 
and  vasoconstrictive  effects  that  produced  large  chsnges  in  the 
blood  volume  of  the  eye  and  these  in  turn  caused  the  large  IOP 
changes  by  increasing  the  total  volume  of  fluid  within  the  eyeball. 

Anderson  and  Fanner  (1978)  studied  10  patients  undergoing 
repeated  exposure  to  hyperbaric  oxygen  for  the  treatment  of 
osteoradionecrosis  and  they  measured  the  IOP  following  exposure  to 
such  environments.  Their  ages  ranged  from  51  co  69,  with  an 
average  of  59  years.  Snellen  visual  acuity,  refractive  error, 
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applanation  intraocular  tension,  and  corneal  curvature  of  the 
patients  were  measured  within  3  days  of  the  first  exposure  and 
again  at  the  end  of  the  treatment  regimen.  This  regimen  consisted 
of  breathing  98  percent  oxygen  for  2  hours  while  exposed  to  two 
atmospheres  of  absolute  pressure.  Forty  exposures  were  given  with 
one  per  day  except  Sunday.  Oxygen  was  delivered  by  means  of  a  head 
tent  and  the  external  portion  of  the  eye  was  exposed  directly  to 
the  hyperbaric  oxygen. 

Anderson  and  Farmer  (1978)  found  a  highly  significant  myopic 
shift  for  these  patients  which  averaged  -1.61  diopters  and  these 
changes  are  discussed  more  fully  in  Chapter  16:  "Accommodation, 
myopia,  and  the  crystalline  lens".  Ho  significant  shift  in  corneal 
curvature  occurred  and  the  0.05-diopter  average  change  in  the 
cornea  actually  indicated  a  flatter  cornea.  Intraocular  pressures 
decreased  by  only  0.8  mm  Hg  on  the  average  and  this  was  not 
significant.  However,  this  failure  to  find  long-term  effects  of 
hyperbaric  oxygenation  on  the  I0P  does  not  mean  that  changes  in  the 
IOP  may  not  occur  during  actual  exposure  to  hyperbaric  oxygen. 

Chiou,  Liu,  and  Trzeciakowski  (1980)  used  a  newly-developed  cat 
model  to  study  the  mechanism  of  antiglaucoma  drugs  including 
acetazolamide.  They  found  acetazolamide  caused  more  than  a  40 
percent  reduction  cf  aqueous  humor  production  1  hour  after 
administration,  with  little  recovery  of  aqueous  production  2  hours 
later.  Unlike  other  drugs  which  reduced  or  increased  outflow  of 
aqueous  humor,  acetazolamide  had  little  effect  on  outflow 
parameters  over  a  3-hour  period  following  its  administration. 

Mapstone  (1981)  studied  shallowing  of  the  anterior  chamber  that 
occurs  spontaneously  and  as  a  result  of  administration  of  drugs. 
Pilocarpine  and  phenylephrine  were  found  to  decrease  significantly 
the  anterior  chamber  depth  by  an  average  of  0.3  mm  in  42  normal 
eyes.  Similar  changes  in  anterior  chamber  depth  were  found  for 
patients  with  open-angle  glaucoma  and  ocular  hypertension.  All 
subjects  were  55  years  or  older.  Mapstone  concluded  substantial 
acute  variation  in  anterior  chamber  depth  can  occur  in  normal  and 
diseased  eyes. 

Alder  and  Cringle  (1985)  studied  the  effect  of  breathing  air 
and  oxygen  on  vitreal  oxygen  tension  in  cats  when  oxygen  electrodes 
were  moved  forward  and  backward  in  the  vitreous  to  retinal 
locations  of  veins  and  arteries.  Their  results  are  discussed  in 
Chapter  14:  "Intraocular  oxygen."  The  electrode  was  inserted  into 
the  vitreous  through  the  temporal  sclera  at  a  point  about  5  to  6  mm 
posterior  to  the  limbus.  The  study  is  mentioned  in  this  chapter  on 
pressure  changes  with  hypoxia  because  a  relative  movement  between 
the  electrode  and  the  retina  almost  invariably  occurred  when 
respiratory  gases  changed,  blood  pressure  changed,  or  intraocular 
pressure  changed.  These  sometimes  were  substantial  lateral 
movements  that  actually  led  to  puncture  of  the  retina.  These 


163 


movements  of  the  electrode  relative  to  the  retina  thus  would  appear 
to  be  a  result  of  changes  in  eyeball  shape.  Although  the  source  of 
these  movements  was  unknown,  Alder  and  Cringle  (1985)  suggested 
they  may  have  been  due  to  retinal  circulation  changes  and  changes 
in  blood  volume. 


Conclusions  and  research  needs 

The  finding  by  Alder  and  Cringle  (1985)  of  eyeball  changes 
following  a  change  in  respiratory  gases,  blood  pressure,  or 
intraocular  pressure  also  augurs  for  refractive  changes  during 
hypoxia,  hyperoxia,  hypocapnia,  and/or  changes  in  atmospheric 
pressure.  A  mechanism  for  such  refractive  changes  during  hypoxia 
(and  following  administration  of  acetazolamide)  is  discussed  below. 
Such  refractive  changes  would  be  expected  to  alter  visual  acuity, 
absolute  sensitivity,  contrast  sensitivity,  and  field  size.  These 
possible  refractive  changes  also  could  account  for  many  of  the 
contradictory  findings  in  the  literature  on  hypoxic  effects  on 
visual  performance.  The  refractive  change  might  improve  target 
focus  for  an  experiment  with  one  target  distance,  but  degrade 
target  focus  for  an  experiment  with  another  target  distance.  These 
possible  hypoxic  refractive  changes  similarly  could  account  for  the 
frequent  large  individual  differences  in  hypoxic  and  hyperoxic 
effects  on  sensitivity,  acuity,  etc.,  if  the  refractive  change 
degraded  (or  improved)  target  focus  for  a  subject  with  a  close 
resting  focus  (Leibovitz  and  Ovens,  1978) ,  but  improved  (or 
degraded)  focus  for  another  subject  with  a  distant  resting  focus. 

Lassen  et  al.  (1987)  studied  the  effects  of  acetazolamide  on 
cerebral  blood  flow  (CBF)  and  on  alveolar  C02.  Immediate  effects 
of  a  1-g  oral  dose  of  the  drug  were  to  increase  cerebral  blood  flow 
by  40  to  50  percent  at  3  hours.  After  2  days,  CBF  had  practically 
returned  to  normal,  although  two  500  mg  doses  of  acetazolamide  were 
taken  each  day  for  10  days.  Alveolar  C02  tension  showed  only  a 
small  drop  immediately  following  the  initial  1-g  oral  dose  of  the 
drug,  but  over  the  course  of  10  days  of  drug  administration, 
alveolar  C02  gradually  dropped  to  70  percent  of  the  initial  value. 
This  indicated  the  drug  produced  a  substantial  and  prolonged 
hyperventilation.  Although  their  study  was  conducted  at  sea  level, 
Lassen  et  al.  (1987)  discussed  the  probable  benefits  of  such 
hyperventilation  for  boosting  critical  oxygen  levels  at  altitude 
and  thereby  countering  altitude  sickness. 

If  the  immediate  boosts  in  CBF  found  by  Lassen  et  al.  (1987) 
have  retinal  counterparts, 2  the  increased  ocular  blood  volume  would 
be  expected  to  increase  the  IOP.  On  the  other  hand,  acetazolamide 


2  This  would  be  expected  since  retinal  blood  flow  changes 
normally  mimic  CBF  changes  (Hickara  and  Frayser,  1966) . 
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also  reduces  production  of  aqueous  humor  (e.g.,  Chiou,  Liu,  and 
Trzeciakowski,  1980)  and  typically  lowers  the  IOP  as  a  result. 
Hypoxia  also  increases  ocular  blood  flow  and  volume  (e.g.,  Hickam 
and  Frayser,  IS 66)  and  hypoxia  also  may  diminish  aqueous  production 
(Mercier  et  al.,  1964).  Thus  a  pair  of  conditions  with  potentially 
opposite  effects  on  the  IOP  probably  would  exist  following  the 
taking  of  the  drug  acetazolamide  and  also  would  probably  exist 
during  hypoxia.  These  opposite  effects  may  explain  the  many  con¬ 
tradictory  results  in  research  on  the  effects  of  hypoxia  on  IOP. 

*  In  some  experiments  increased  blood  volume  may  dominate  and  in 

other  experiments  the  reduced  aqueous  flow  may  dominate. 

The  simultaneous  increased  vitreous  pressure  from  dilated 
5  retinal  vessels  and  diminished  aqueous  pressure  from  reduced 

aqueous  volume  probably  would  lead  to  a  shallowing  of  the  anterior 
chamber  because  of  a  forward  movement  of  the  lens/iris  system 
(Mapstone,  1981) .  This  probably  would  increase  the  lens-retina 
distant  e  and  produce  an  increased  myopia  and  this  may  account  for 
the  small,  but  significant  myopic  shifts  Ohlbaum  (1969)  found 
during  hypoxia.  Myopia,  in  turn,  diminishes  the  extent  of  visual 
fields  (Greve  and  Furuno,  1980)  and  transient  myopic  shifts  could 
underlie  both  of  the  parallel  effects  of  acetazolamide  and  altitude 
on  peripheral  visual  fields  found  by  Kobrick  (1970). 

Only  ocular  pressure  shifts  that  would  be  expected  to  induce 
anterior  chamber  shallowing  have  beer  discussed.  However, 
hyperventilation  is  a  frequent  consequence  of  hypoxia  (e.g., 

Frayser  et  al.,  1971;  Livingston,  1944a;  Ernest  and  Krill,  1971) 
and  if  hyperventilation-induced  hypocapnia  caused  a  retinal  vessel 
constriction  and  reduced  retinal  blood  flow  as  was  discussed  by 
Hickam  and  Frayser  (1966),  and  if  this  reduced  vitreous  pressure, 
an  opposite  change  could  occur  (if  aqueous  production  remained 
largely  unchanged  or  increased) .  Presumably,  there  would  be  an 
increase  in  anterior  chamber  depth  and  the  lens/iris  system  would 
be  moved  closer  to  the  retina,  resulting  in  an  increased  hyperopia. 
If  a  reduced  vitreous  pressure  existed,  the  ciliary  activity 
associated  with  accommodation  for  near  objects  might  have  an  in¬ 
creased  effect  on  the  cross-sectional  area  of  the  eyeball  where  the 
ciliary  is  attached  and  possibly  eyeball  length  as  well. 

Admittedly,  this  is  largely  speculation,  but  it  appears  enough 
"jigsaw  puzzle  pieces"  are  present  to  make  research  highly 
f  worthwhile  that  is  aimed  at  identifying  these  possible  changes  in 

ocular  pressure,  ocular  structure,  ocular  dimensions,  and  ocular 
refraction  as  a  function  of  hypoxia  and  hypoxia-related  respiratory 
conditions  such  as  hypocapnia. 

Since  light  levels  influence  oxygen  consumption  in  the  retina 
(e.g.,  Linsenraeier,  1986),  and  since  local  metabolic  needs  of  the 
retina  appear  to  control  vessel  changes  (Hickam  and  Frayser,  1966) , 
hypoxic  vasodilation  of  the  retinal  vasculature  would  be  expected 
to  be  greater  in  darkness.  Blood  volume  increases  and  their 
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possible  effects  such  as  shallowing  of  the  anterior  chamber  and 
refraction  changes  also  might  be  expected  to  be  greater  in 
conditions  of  low  retinal  illumination  than  in  conditions  of  high 
retin?!  illumination. 


Chapter  14 
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Oxygen  electrodes  inserted  into  the  eyes  of  animals  allow 
measurement  of  oxygen  tensions  in  ocular  structures  and  fluids. 
These  have  provided  data  on  oxygen  distribution  under  hypoxic  and 
hyperoxic  respiratory  conditions.  Oxygen  consumption  in  the  eye 
also  has  been  assessed  with  this  methodology  and  one  of  the  most 
interesting  findings  discussed  below  is  that  oxygen  levels  in  and 
near  the  retina  typically  are  lower  during  darkness  than  in  light, 
indicating  higher  oxygen  consumption  when  retinal  illumination  is 
low  than  high. 

Krause  and  Goren  (1956)  studied  the  effects  of  hypoxia  and 
hyperoxia  upon  the  oxygen  tension  in  the  vitreous  humor  of  the  cat. 
Vitreous  oxygen  tension  nearly  was  linearly  related  to  atmospheric 
oxygen  tension  for  atmospheric  oxygen  tensions  from  114  to  about 
400  mm  Hg  (corresponding  vitreous  oxygen  tensions  were  29  to  125  mm 
Hg) .  Higher  atmospheric  oxygen  tensions  (to  745  mm  Hg)  produced 
smaller  increases  in  the  vitreous  oxygen  tension. 

Jacobi  and  Driest  (1966)  measured  oxygen  levels  in  the  anterior 
chamber  and  vitreous  body  of  the  living  rabbit  eye.  The  German- 
language  article  was  not  translated  fully,  but  a  range  of  oxygen 
tensions  from  23  to  43  mm  Hg  were  reported  for  the  anterior 
chamber.  In  the  central  vitreous,  oxygen  levels  of  only  two  to 
five  mm  Hg  were  measured.  Oxygen  tensions  measured  in  the  vitreous 
at  the  peripheral  retina  increased  to  levels  of  7  to  16  mm  Hg  and 
rose  to  17  <_o  33  mm  Hg  at  the  "papillennah. " 

Kwan,  Niinikoski,  and  Hunt  (1972)  moved  small  oxygen  electrodes 
through  rabbit  eyes  and  recorded  oxygen  tensions  within  the  cornea, 
aqueous  humor,  and  anterior  lens.  Oxygen  tension  dropped  sharply 
as  the  cornea  was  penetrated  and  the  epithelium  traversed.  Oxygen 
tension  continued  to  drop  in  the  stroma,  then  rose  sharply  in  the 
endothelium  to  a  relatively  high  level  in  the  aqueous  humor  that 
showed  no  changes  across  the  anterior  chamber.  Oxygen  tension  then 
dropped  sharply  as  the  lens  was  penetrated  and  reached  lowest 
levels  in  the  anterior  lens  which  was  the  most  distant  point  into 
the  eye  that  was  measured.  Anterior  chamber  levels  averaged  72  mm 
Hg  and  this  was  somewhat  higher  than  earlier  research  had  shown  or 
predicted. 

Stefansson,  Wolbarsht,  and  Landers  (1983b)  followed  up  a  number 
of  studies  that  had  shown  higher  in  vitro  oxygen  consumption  in 
retinas  in  darkness  than  in  light  with  an  in  vivo  study  of  oxygen 
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consumption  in  rhesus  monkeys  in  light  and  in  darkness.  An 
intraocular  oxygen  microelectrode  was  used  to  measure  oxygen  levels 
near  the  retina.  Oxygen  tensions  dropped  sharply  in  darkness  and 
increased  sharply  in  light,  reflecting  higher  oxygen  consumption  in 
darkness  than  in  light. 

Alder  and  Cringle  (1985)  studied  the  effect  of  breathing  air 
and  oxygen  on  vitreal  oxygen  tension  in  cats  when  oxygen  electrodes 
were  moved  forward  and  backward  in  the  vitreous  to  retinal 
locations  near  veins  and  arteries.  For  veins  there  was  little 
gradient  between  electrode  locations  close  to  the  retina  and  more 
distant  locations.  However,  a  steep  gradient  existed  for  arteries 
with  oxygen  currents  doubling  as  the  electrode  moved  from  0.2  mm 
away  from  the  artery  to  a  point  in  near  contact  with  the  artery. 

The  lack  of  difference  between  oxygen  levels  in  the  vitreous  away 
from  the  retina  and  in  the  vitreous  near  veins  held  both  when  air 
was  breathed  and  when  oxygen  was  breathed.  As  would  be  expected, 
these  equivalent  vein  and  central  vitreous  values  were 
substantially  higher  with  oxygen  breathing  than  with  air  breathing. 
They  corresponded  closely  to  the  oxygen  levels  measured  near 
arteries  during  air  breathing.  This  apparently  reflected  that 
oxygen  in  solution  in  the  plasma  was  providing  most  of  the  oxygen 
in  the  vitreous  and  that  the  hemoglobin  in  the  veins  remained 
nearly  fully  saturated  with  oxygen. 

During  pure  oxygen  breathing,  Alder  and  Cringle  (1985)  found 
oxygen  levels  near  arteries  were  elevated  to  levels  several  times 
levels  of  oxygen  measured  at  these  same  locations  during  air 
breathing.  These  levels  corresponded  closely  to  the  level  of 
oxygen  tension  measured  in  the  femoral  artery.  Much  variability 
was  fcund  for  electrodes  at  retinal  locations  intermediate  to  veins 
and  arteries,  but  in  at  least  one  instance,  the  oxygen  tension  was 
substantially  lower  than  at  veins  or  further  back  from  the  retina 
in  the  vitreous. 

As  mentioned  in  the  previous  chapter,  Alder  and  Cringle  (1985) 
found  movement  of  electrodes  occurred  when  respiratory  gases 
changed,  blood  pressure  changed,  or  intraocular  pressure  changed. 
These  sometimes  were  substantial  lateral  movements  of  the  electrode 
that  led  to  puncture  of  the  retina.  The  source  of  these  movements 
was  unknown,  but  was  suggested  as  being  due  to  retinal  circulation 
changes  and  changes  in  blood  volume.  These  movements  appear  to  be 
the  result  of  changes  in  eyeball  shape  and  suggest  refractive 
changes  also  may  occur  during  hypoxia,  hyperoxia,  or  large  changes 
in  atmospheric  pressure. 

Alder  et  al.  (1986)  studied  the  vitreal  oxygen  tension 
gradients  in  the  isolated  perfused  cat  eye  using  methodology 
similar  to  that  of  Alder  and  Cringle  (1985).  oxygen  gradients  were 
steep  when  the  electrode  was  positioned  near  retinal  arteries. 
However,  when  the  electrode  was  more  than  one  mm  away  from  the 
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However,  when  the  electrode  was  more  than  one  mm  away  from  the 
retina  these  gradients  were  very  shallow.  The  results  indicated 
the  isolated  perfused  eye  behaves  similarly  to  the  in  vitro  eye 
with  respect  to  oxygen  distribution  and  function. 

Linsenmeier  (1986)  studied  the  effects  of  light  and  darkness  on 
oxygen  distribution  and  consumption  in  the  cat  retina  by  assessing 
oxygen  tension  at  different  levels  of  the  retina  in  darkness  and 
under  different  light  conditions.  Double-barreled  oxygen 
microelectrodes  were  inserted  into  the  optically  intact  right  eye 
of  anesthetized  adult  cats  through  a  15-gauge  hypodermic  needed 
inserted  about  10  mm  posterior  to  the  limbus.  One  barrel  measured 
oxygen  tension  polarographically  and  the  other  measured  voltage. 
Animals  were  kept  in  a  dark  cage  with  light  stimuli  introduced  via 
a  fiber  optic  bundle  to  a  mirror  above  the  cat's  eye.  Levels  of 
illumination  up  to  one  log  above  rod  saturation  were  used. 

Oxygen  tension  increased  sharply  as  the  electrode  was 
positioned  to  increased  depths  of  the  outer  half  of  the  retina.  No 
increase  in  oxygen  tension  was  observed  for  the  inner  half  of  the 
retina  or  as  the  electrode  was  moved  within  the  choroid.  Oxygen 
tension  in  the  outer  half  of  the  retina  was  substantially  higher 
for  light-adapted  than  for  dark-adapted  eyes  and  was  proportional 
to  light  intensity  up  to  saturation  of  the  rods,  supra-saturating 
light  levels  prolonged  the  increase  in  oxygen  tension  beyond  the 
duration  of  the  light  stimulus,  although  they  did  not  increase  the 
oxygen  tension.  Observations  of  oxygen  tension  in  the  inner  retina 
indicated  a  decrease  of  oxygen  tension  during  light  adaptation  in 
about  half  of  the  cases.  Unlike  outer  retina  responses,  these 
inner  retinal  responses  to  light  stimuli  were  slow.  The  results 
indicate  light  sharply  reduces  the  requirement  of  the  retina  for 
oxygen  (by  about  one-half)  and  that  the  dark-adapted  retina  is  in  a 
relatively  oxygen-deprived  state,  making  it  highly  sensitive  to  the 
changes  in  arterial  oxygen  tension  produced  by  hypoxia. 

Isenberg,  Fink,  and  Shoemaker  (1984)  described  a  conjunctival 
oxygen  monitor  that  can  be  used  to  indirectly  monitor  the  carotid 
artery  oxygen  levels  of  patients.  This  has  many  advantages  over 
current  sensors  that  respond  to  oxygen  levels  of  the  skin. 

Although  the  correlations  between  these  measures  of  oxygen  tension 
from  the  conjunctiva  and  direct  measures  of  arterial  oxygen  tension 
were  not  perfect  (0.66  to  0.98  for  different  subjects),  this 
noninvasive  technique  greatly  reduces  the  need  for  invasive 
measures  of  arterial  tension  and  could  have  many  uses  in  research 
on  oxygen  and  vision. 


Conclusions  and  research  needs 

The  somewhat  surprising  finding  that  an  increase  in  retinal 
illumination  reduces  the  retinal  requirement  for  oxygen  is  probably 
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the  dominant  result  of  the  research  reviewed  in  this  chapter.  The 
increased  requirement  for  oxygen  of  the  dark-adapted  retina 
undoubtedly  explains  the  findings  that  changes  in  visual  acuity 
with  hypoxia  (McFarland  and  Halperin,  1940)  and  changes  in  contrast 
sensitivity  with  hypoxia  (McFarland,  Halperin,  and  Niven,  1944) 
were  much  more  likely  to  occur  and  were  larger  in  conditions  of  low 
retinal  illumination. 

No  research  was  found  in  which  oxygen  gradients  were  measured 
under  conditions  of  hyperbaric  oxygenation.  Given  the  huge  changes 
that  hyperbaric  oxygenation  produced  in  persistence  of  vision 
following  pressure  ischemia  (e.g.,  Carlisle,  Lanphier,  and  Rahn, 
1964),  one  would  expect  oxygen  tensions  throughout  the  vitreous 
would  show  dramatic  increases  under  hyperbaric  oxygenation  even  as 
they  showed  large  increases  with  oxygen  breathing  at  one  atmosphere 
(Alder  and  Cringle,  1985) . 


Chapter  15 


Ih§-PUBil 


With  a  normal  range  of  from  less  than  two  mm  to  more  than  eight 
mm  in  diameter  (Lowenstein  and  Loewenfeld,  1969) ,  the  pupil  of  the 
eye  can  alter  the  amount  of  light  entering  the  eye  by  a  factor  of 
forty  and  pupil  changes  can  have  a  large  influence  on  absolute  and 
differential  visual  sensitivity  independent  of  retinal,  photochem¬ 
ical,  or  other  factors.  If  hypoxia  or  hyperoxia  increased  or 
decreased  pupil  size,  these  changes  would  produce  an  associated 
increase  or  decrease  in  visual  sensitivity. 

An  increase  of  pupil  size  not  only  allows  more  light  to  enter 
the  eye,  it  increases  the  spherical  and  chromatic  aberration  of  the 
eye,  and  it  has  been  shown  recently  that  cycloplegia  produces  a 
small  but  significant  decrement  in  contrast  sensitivity  under 
normal  ambient  conditions  and  a  somewhat  greater  reduction  in 
contrast  sensitivity  under  glare  conditions  (Bachman  and  Behar, 
1987) .  Thus,  during  moderate  and  high  levels  of  illumination  when 
the  amount  of  light  entering  the  eye  is  relatively  high,  increases 
in  pupil  size  with  hypoxia  or  hyperoxia  would  be  expected  to 
decrease  visual  acuity,  contrast  sensitivity,  stereopsis,  and  other 
visual  performances  requiring  contour  discrimination  and  resolu¬ 
tion.  On  the  other  hand,  if  decreases  in  pupil  size  were  to  result 
from  hypoxia  or  hyperoxia,  this  would  be  expected  to  enhance  these 
visual  performances  when  retinal  illumination  is  high. 


Hypoxia  and  the  pupil:  Animal  studies 

Ury  and  Gellhorn  (1939)  found  rabbits  subjected  to  severe 
hypoxia  (six  to  eight  percent  oxygen  for  20  minutes)  showed  an 
increase  in  the  threshold  for  the  pupillary  reflex  dilation 
produced  by  painful  stimulation  of  the  sciatic  nerve.  However, 
they  did  hot  report  any  changes  in  pupillary  size  as  a  result  of 
hypoxia. 

Gellhorn  and  Levin  (1945)  studied  cats  and  found  a  large 
dilation  of  the  pupil  above  20,000  feet  and  a  further  dilation  as 
altitude  increased  to  the  point  where  animals  were  about  to 
collapse.  Using  dogs,  Hoorens  (1948)  reported  that  carbon-monoxide 
hypoxia,  hypoxic  hypoxia,  and  asphyxia  all  produced  a  marked 
dilation  of  the  pupil.  Hoorens  believed  this  was  due  partly  to  a 
central  neurogenic  mechanism  and  partly  to  a  purely  peripheral  one. 


Kapp  and  Paulson  (1966)  studied  pupillary  changes  induced  by 
circulatory  arrest  in  cats  with  one  eye  having  the  right  cervical 
sympathetic  nerve  severed  and  the  other  pupil  normal.  Both  pupils 
showed  dilation  when  the  aorta  was  occluded  and  both  constricted 
upon  restoration  of  blood  flow.  The  denervated  pupil  started  at  a 
larger  size  but  after  2  to  4  minutes,  the  two  pupils  dilated 
together.  When  both  sympathetic  and  parasympathetic  innervation  of 
the  same  pupil  were  removed,  dilation  did  not  occur  with  cir¬ 
culatory  arrest,  but  dilation  did  occur  afterward  when  circulation 
was  restored. 

On  the  other  hand,  Jordanov  and  Ruben  (1967)  studied  rabbits 
and  human  patients  and  found  little  or  no  dilation  of  the  pupils 
until  death,  even  when  blood-oxygen  saturations  were  extremely  low. 
They  made  the  point  that  current  beliefs  and  documentation  that 
dilation  of  the  pupil  was  a  reliable  clinical  sign  of  hypoxia 
needed  to  be  revised. 

Yordanov  and  Ruben  (1968)  studied  the  size  of  the  pupil  in 
rabbits  at  various  oxygen  partial  pressures.  Arterial  oxygen  was 
reduced  by  breathing  pure  nitrogen,  by  incomplete  clamping  of  the 
tracheal  canula,  or  by  complete  clamping  of  the  tracheal  canula. 
They  found  no  increase  in  pupil  size  as  hypoxia  increased.  In 
fact,  they  were  more  likely  to  find  contraction  with  decreasing 
partial  pressures  of  oxygen  and  to  find  dilation  only  occurring 
following  death  of  the  animals.  They  criticized  current  medical 
acceptance  of  pupil  dilation  as  a  symptom  of  hypoxia.  These  are 
the  same  authors  as  Jordanov  and  Ruben  (1967). 

Sohmer,  Freeman,  and  Malachi  (1986)  looked  at  cortical  poten¬ 
tials  evoked  by  visual,  auditory,  vestibular,  and  somatosensory 
stimuli  in  as  severe  a  hypoxia  as  could  be  maintained  in  cats 
without  causing  the  animals  to  collapse.  For  some  reason,  there 
was  a  decrement  in  auditory  evoked  potentials  at  oxygen  tensions 
(27  mm  Hg;  02  sat.  24  percent)  that  left  visual,  vestibular,  and 
somatosensory  potentials  unchanged.  With  similar  oxygen  satur¬ 
ation,  but  even  lower  hypoxia  (p02-21.2  mm  Hg;  24.5  percent  02 
sat.),  the  visual  evoked  potential  (VEP)  actually  was  augmented 
instead  of  depressed  as  expected.  The  study  is  described  in  this 
chapter  because  this  augmentation  of  VEPs  was  believed  to  have 
occurred  because  of  a  pupil  dilation  that  was  observed  at  these 
severe  hypoxic  levels  which  would  augment  tne  retinal  stimulation. 


Hypoxia  and  the  pupil:  Human  studies 

As  discussed  in  Chapter  1:  "Absolute  sensitivity  and  dark 
adaptation,"  a  number  of  studies  have  found  significant  decrements 
in  absolute  sensitivity  as  a  result  of  low  levels  of  hypoxia  (e.g., 
McFarland  and  Evans,  1939).  Through  use  of  precise  measurement 
procedures  and  trained  subjects,  these  studies  have  identified 
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hypoxic  decrements  in  sensitivity  which  are  as  small  as  a  tenth  of 
a  log  unit  of  illumination.  However,  such  a  26  percent  increase  in 
target  brightness  (in  actual  units)  required  for  target  detection 
conceivably  could  be  produced  by  a  12  percent  reduction  in  the 
diameter  of  the  pupil  and  this  is  less  that  a  one-mm  constriction 
of  even  the  widest  pupil.  Some  of  the  research  on  absolute 
sensitivity  and  hypoxia  has  avoided  this  possible  confound  of 
hypoxia-induced  pupil  changes  by  use  of  artificial  pupils  or  use  of 
a  Maxwellian  view  which  limits  the  "pencil"  of  light  rays  enterirg 
the  eye  to  a  diameter  smaller  than  the  pupil. 

Other  researchers  working  in  the  area  of  absolute  sensitivity 
have  directly  observed  the  pupil  or  photographed  it.  Ernest  and 
Krill  (1971)  observed  the  pupil  or  photographed  it  with  infrared 
light  in  their  research  on  absolute  sensitivity  and  hypoxia.  They 
reported  hypoxia  did  not  alter  pupil  size.  According  to  McFarland 
and  Forbes  (1940),  Bunge  (1936)  also  measured  the  pupil  during 
severe  hypoxia  and  found  minimal  changes  in  pupil  size  that  did  not 
influence  their  sensitivity  data.  McFarland  and  Forbes  (1940)  did 
not  discuss  at  what  points  in  the  adaptation  cycle  the  pupil  was 
measured  or  how  it  was  measured  by  Bunge. 

Other  researchers  used  artificial  pupils  for  only  portions  of 
their  testing  (Gellhorn,  1936a;  McFarland  and  Forbes,  1940;  Wald  et 
al.,  1942).  They  typically  indicated  that  results  did  not  differ 
between  the  two  conditions,  with  the  exception  that  more  target 
luminance  was  needed  to  allow  target  detection  with  the  artificial 
pupil. 

On  the  other  hand,  Wald  et  al.  (1942)  illustrated  some  dramatic 
changes  in  absolute  sensitivity  at  the  onset  of  changes  in  oxygen 
tension  (both  decrements  and  increments)  and  these  data  illustrated 
in  figures  of  the  report  occurred  in  testing  conditions  without  an 
artificial  pupil.  One  of  the  subjects  who  was  tested  without  the 
artificial  pupil  showed  an  unusual  increase  in  absolute  sensitivity 
of  nearly  0.4  log  units  when  low  oxygen  was  turned  on  and  this 
persisted  with  only  a  Small  decline  for  the  more  than  10  minutes  of 
low-oxygen  breathing.  With  a  return  to  normal  air,  this  subject's 
threshold  "overshot"  to  a  value  more  than  0.2  log  units  above  its 
baseline  level  during  normal  air  breathing  and  finally  returned  to 
normal  after  about  5  minutes.  Another  subject  when  tested  without 
an  artificial  pupil  showed  the  more  typical  .3  log  unit  drop  in 
sensitivity  with  low  oxygen  tension,  but  then  showed  a  dramatic 
improvement  in  sensitivity  ever  baseline  (normal  air  breathing) 
levels  when  normal  air  breathing  was  resumed  after  hypoxia.  This 
striking  increase  of  sensitivity  of  more  than  half  a  log  unit 
lasted  for  only  a  minute  or  two  and  was  followed  by  a  gradual 
return  of  sensitivity  to  baseline  levels  over  6  or  7  more  minutes. 

Unfortunately,  Wald  et  al.  (1942)  did  not  discuss  the  possible 
pupil-change  contributions  to  these  unusual  results,  except  to  call 
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attention  to  the  fact  the  displayed  results  occurred  in  conditions 
without  artificial  pupils.  They  regarded  these  unusual  sensitivity 
shifts  to  be  the  result  of  respiration  changes  such  as  hyperven¬ 
tilation.  However,  even  if  this  were  the  case,  hyperventilation 
(and  associated  hypocapnia)  may  have  caused  these  effects  via 
changes  in  pupil  size.  It  is  remarkable,  but  despite  the  relative 
ease  of  measuring  pupil  size,  and  despite  the  ease  of  manipulating 
the  independent  variable  of  hyperventilation,  no  research  was 
located  that  related  hyperventilation  to  pupil  size. 

Furuya  (1936b)  may  have  provided  the  first  study  aimed  directly 
at  observing  the  effects  of  hypoxia  on  pupil  size.  According  to 
the  German  abstract,  Furuya  used  six  subjects  ranging  in  age  from 
18-30.  He  found  hypoxia  increased  the  size  of  the  pupil  for 
decompressions  over  5,000  meters.  The  pupil  continued  to  dilate  as 
"altitude"  increased  above  5,000  meters.  The  pupil  tended  to 
return  to  its  original  size  when  subjects  remained  at  the  altitude 
for  some  period.  Upon  return  to  the  original  pressure,  the  pupil 
recovered  quickly.  Breathing  oxygen  during  decompression  prevented 
or  moderated  pupil  changes . 

Newsome  (1971)  studied  the  behavior  of  the  pupil  in  complete 
darkness  following  2  minutes  of  exposure  to  a  bright  stimulus 
field,  such  as  the  field  typically  used  to  produce  light  adaptation 
in  studies  of  dark  adaptation.  Newsome  found  the  pupil  initially 
dilated  at  offset  of  the  bright  field,  but  then  constricted  almost 
to  the  small  size  it  took  while  viewing  the  "bleaching"  stimulus 
field.  The  pupil  remained  at  considerably  less  than  full  dark- 
adapted  size  for  nearly  20  minutes  and  appeared  to  be  responding  to 
the  positive  afterimage  of  the  bleaching  stimulus  field.  Given 
these  dramatic  changes  in  pupil  size  found  by  Newsome  during  the 
first  20  minutes  of  dark  adaptation,  it  almost  is  inconceivable 
there  were  not  large  pupil  fluctuations  in  other  studies  of  dark 
adaptation  such  as  the  study  of  McFarland  and  Forbes  (1940),  since 
entoptic  phenomena  were  present  which  actually  interfered  with 
target  viewing  (McFarland,  Halperin,  and  Niven,  1944)  .  it  also  is 
difficult  to  believe  that  these  large  fluctuations  in  retinal  area 
did  not  produce  major  differences  in  sensitivity  to  dark  adaptation 
targets  and  did  not  cause  major  changes  in  dark  adaptation  curves 
from  the  curves  produced  with  artificial  pupils. 
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; . -e  afterimage  and  the  pupil  con- 
v?:s  (  result  of  finger  pressure  on  the 
and  leads  to  a  relatively  neutral 

i  ’  *.y  blackening  of  the  visual  field. 
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-j  i  a r<-\  also  prevented  their  constriction 
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„v j  conditions  of  illumination  that  are 


brighter  t)  in  this  "grey."  Conversely,  Craik  1  ndness  should 
cause  the  pupi]  to  constrict  when  it  occurs  during  conditions  of 
illumination  that  are  darker  than  this  "grey."  The  large  dilation 
of  the  pupil  that  has  been  reported  just  prior  to  unconsciousness 
in  hypoxia  (Gellhorn  and  Levin,  1945)  and  hyperoxia  (Young,  1967) 
may  in  fact  reflec  total  or  near  total  diminution  cf  retinal 
output  because  of  '-'jr.-jack  out'1  from  the  general  ischemia.  No 
research  on  such  probable  effects  of  Craik  blindness  on  the  pupil 
was  found. 

According  to  Mercier  and  Duguet  (1950),  Ztlst  (1940)  found  a 
reliable  and  rapid  constriction  of  the  pupil  as  a  result  of  hypoxia 
an  a  study  of  20  subjects  conducted  in  a  decompression  chamber  and 
also  at  Jungfrau  Pass.  Pupil  behavior  was  studied  in  darkness  and 
with  surround  luminances  of  15  and  85  lux.  A  change  from  400  to 
3,000  meters  caused  the  area  of  the  pupil  to  decrease  by  10 
percent,  14  percent,  and  15  percent  at  the  three  increasing  levels 
of  ambient  illumination.  The  corresponding  figures  for  6,500 
meters  were  15,  32,  and  24  percent.  Large  individual  differences 
were  found  ranging  from  zero  to  27  percent  for  the  dark-adapted 
pupil.  Return  of  the  subjects  to  400  meters  produced  dilation  of 
the  pupil,  but  generally  not  to  original  levels.  Following  the 
hypoxia-induced  constriction  of  the  pupil,  they  found  increased 
sensitivity  of  the  pupil  to  reflex  changes  under  constant  illumi¬ 
nation. 

According  to  Mercier  and  Duguet  (1950),  McFarland,  Holway,  and 
Hurvich  (1942)  studied  the  pupil  using  infrared  photography  in  four 
subjects  while  breathing  17,  14,  12,  and  10  percent  oxygen.  An 
initial  substantial  contraction  first  was  observed  at  the  onset  of 
low-oxygen  breathing  which  was  followed  by  a  gradual  return  to  the 
initial  value  as  exposure  continuer  .  Marked  differences  in  this 
hypoxic  response  were  found  in  their  four  observers,  however. 

Mercier  and  Duguet  (1950)  concluded  from  the  studies  of  Ztlst 
and  McFarland,  Holway,  and  Hurvich  that  pupil  constriction  was  a 
reliable  correlate  of  moderate  hypoxia  (up  to  7,000  meters).  They 
noted  numerous  psychic  and  humoral  manifestations  accompanying 
hyooxia  would  tend  to  dilate  the.  pupil  and  the  constriction 
observed  must  reflect  a  true  hypoxia  effect  to  counter  all  of  these 
dilations.  They  suspected  the  constriction  was  due  to  hypoxic 
disinhibi cion  of  a  central  "iridoconstrictor  center." 

Fuelling  (1961)  reported  the  pupil  constricts  during  hypoxia, 
but  provided  no  reference  to  the  research  that  demonstrated  this  in 
his  aviation  medicine  review  of  hypoxia  effects.  Give:1  the  above 
results  of  Ztlst  (1940)  and  McFarland,  Holway,  and  Hurvich  (1942), 
one  suspects  the  U.S .  Air  Force  translation  of  the  1947  Fnvsiooatn- 
olodie  Oculaite  de  1 3 aviatcur '  (Mercier  and  Duguet,  1950)  may  have 
beer:  the  secondary  source  that  led  to  Fuelling's  hypoxic  con¬ 
striction  conclusion. 
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Other  studies  have  indicated  dilation  of  the  pupil  with 
hypoxia/  According  to  Bietti  (1953),  Bietti  and  Scano  reported 
hypoxia  increased  the  size  of  the  pupil  and  also  increased  the 
speed  of  contraction  and  dilation  to  "adequate"  stimulation.1  They 
also  found  anisocoria  (different-sized  pupils  in  the  two  eyes)  and 
a  reduction  of  the  amount  and  duration  of  pupillary  contraction  to 
light  stimuli.  Bietti  and  Scano  also  reported  that  with  very  low 
illumination  and  in  severe  hypoxia  the  pupil  may  become  nonex- 
citable  and  may  escape  the  well-known  effects  of  an  acoustic 
collateral  stimulation  (psychic  restitution  effect  of  Loewenstein) . 
Eietti  (1953)  presented  data  showing  severe  hypoxia  (20,150  and 
24,800  feet)  produced  substantial  differences  in  the  pupil  size  of 
the  two  eyes  (anisocoria) ,  although  these  data  originally  may  have 
come  from  the  research  of  Bietti  and  Scano. 

In  a  study  of  hypoxia  effects  on  the  central  visual  field  (size 
of  the  angioscotomata) ,  Evans  and  McFarland  (1938)  measured  pupil 
changes  and  found  small  (typically  one  mm) ,  but  reliable  increases 
for  three  of  four  subjects  when  the  altitude  was  17,000  feet  or 
more . 2 

Mathew  et  al.  (1985)  examined  a  number  of  autonomic  nervous 
system  measures  following  a  sojourn  to  3,500  meters  and  found  a  12 
percent  increase  in  pupil  diameter  on  the  third  day  following 
arrival  at  3, 500  meters.  Repeated  measures  indicated  this  dilation 
decl ined  almost  to  the  sea  level  value  as  these  young  volunteers 
spent  3  weeks  at  altitude.  This  decline  from  day  3  onward  suggests 
that  if  measures  upon  arrival  at  altitude  had  been  made  prior  to 
the  third  day,  they  might  have  shown  larger  dilations  than  12 
percent.  Interestingly,  upon  return  to  sea  level,  the  pupil  again 
showed  an  increase  in  size  and  took  2  weeks  to  return  to  initial 
sea  level  values. 

Perhaps  th»  most  unusua  eport  about  hypoxia  effects  on  the 
pupil  was  that  cf  Duguet  anc  .-Iercier  (1951)  who  reported  the  pupil 
tended  to  dilate  in  light  ana  constrict  in  darkness  under  hypoxia. 
According  tt.  beside  (1957),  Duguet  and  Mercier  found  55.5 
percent  cf  t)  i :  subjects  showed  a  contraction  with  darkness,  27.7 
percent  shower  a  dilation,  and  16.8  purcent  showed  no  pupillary 

1  The  "1948"  Bietti  and  Scano  report  cited  by  Bietti 
(1953)  was  not  found,  apparently  because  of  an  incorrect 
reference. 

2  It  is  remarkable  that  McFarland  and  Evans  (1939)  a  year 
later  claimed  that  hypoxia-related  "variations  in  pupil  size 
were  too  small  to  be  detected  with  a  pupillometer"  when  refer¬ 
ring  to  this  same  study  of  Evans  and  McFarland  (1938). 
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reaction.  In  light,  50  percent  showed  a  dilation,  18.8  percent  a 
showed  a  contraction,  and  31.2  percent  showed  no  reaction. 


Hyper ox ia  and  the  pupil 

Behnke,  Forbes,  and  Motley  (1935)  reported  pupils  were  observed 
to  be  moderately  dilated  over  the  first  3  hours  of  oxygen  breathing 
at  a  pressure  of  three  atmospheres.  Anisocoria  was  noted  in  one 
subject  after  3  hours  exposure  with  the  right  pupil  dilated  more 
than  the  left  and  the  left  temporal  field  showing  a  substantial 
contraction  suggesting  a  left  temporal  hemianopsia.  During  the 
fourth  hour  in  two  of  four  experiments,  there  was  a  wide  dilation 
of  the  pupils,  but  the  pupils  still  reacted  to  light  and  accommo¬ 
dation.  Dilation  was  a  signal  of  impending  collapse  along  with  an 
abrupt  rise  of  blood  pressure,  increased  pulse  rate,  and  facial 
pallor.  According  to  the  authors,  all  were  symptoms  that  suggested 
hyperoxic  stimulation  of  the  sympathetic  nervous  system. 

Kent  (1966)  measured  pupil  changes  with  an  infrared  pupil- 
lometer  in  his  research  on  oxygen  breathing  effects  upon  night 
vision  thresholds.  "The  range  of  variation  in  mean  pupil  diameter 
was  no  more  than  0.2  mm  for  any  subject  measured  during  air-oxygen 
experiments  at  one  atmosphere."  Pupil  measurements  were  not  made 
during  Kent's  hyperbaric  experiments. 

Like  Behnke,  Forbes,  and  Motley  (1935),  Young  (1967)  reported 
dilation  of  the  pupil  preceded  convulsions  produced  by  long-term 
exposure  to  a  hyperbaric  atmosphere  that  was  86.6  percent  oxygen. 
Pupil  dilation  was  "measured"  by  observation  of  an  attendant  and 
was  not  noted  as  an  early  symptom  of  oxygen  toxicity.  Major 
symptoms  of  oxygen  toxicity  (severe  nausea,  incoordination,  etc.) 
were  not  seen  before  subjects  were  at  an  oxygen  depth  of  25.9  FSW 
and  pupil  dilation  itself  was  not  seen  until  an  oxygen  depth  of 
33.7  FSW. 


Conclusions  and  rerea.-ch  needs 

The  paradoxical  pupil  responses  to. light  during  hypoxia  of 
Duguet  and  Mercier  (1951)  and  the  conflicting  reports  of  con¬ 
strictions,  minimal  changes  and  dilations  by  other  researchers,  all 
indicate  hypoxia  effects  on  pupil  size  are  complex  and,  in  some 
instances,  probably  are  mediated  by  anxiety  or  other  factors. 

Since  no  studies  were  found  which  appear  to  have  resolved  this 
complexity,  pupil  changes  with  hypoxia  appear  to  be  ripe  for 
additional  research.  Given  that  hyperventilation-mediated  pupil 
changes  may  have  been  a  factor  in  unusual  sensitivity  changes 
reported  by  Wald  et  al.  (1942),  hypocapnia  effects  on  the  pupil 
also  should  be  investigated.  The  high  probability  of  hypocapnic 
pupil  changes  also  augurs  for  pupil  changes  if  research  were 


conducted  on  the  effects  of  hypercapnia.  Possible  effects  of 
carbon  monoxide  (hemic  hypoxia)  on  the  oupll  also  need  to  be 
identified  in  humans. 

Some  of  the  contradictory  results  may  reflect  pupil  changes 
associated  with  hypoxic  changes  in  convergence  and  accommodation. 
Ohlbaum  (1969)  found  a  small  but  significant  increase  in  myopia 
following  hypoxia  and  an  associated  reduction  of  the  AC/A  ratio. 
Several  studies  of  lateral  phoria  have  noted  increased  esophoria 
when  measured  at  a  distance  (e.g.,  Adler,  1945;  Neely,  1951).  The 
near  vision  pupil  reaction  (Lowenstein  and  Lowenfeld,  1969)  would 
predict  any  hypoxic  increases  in  accommodation  and/or  convergence 
would  be  accompanied  by  a  constriction  of  the  pupil  and  any  hypoxic 
outward  shifts  in  accommodation  and/or  convergence  would  be 
accompanied  by  a  dilation  of  the  pupil. 

Mapstone  (1981)  described  the  influence  of  the  pupil  on 
anterior  chamber  shallowing  following  administration  of  pilocar¬ 
pine.  The  iris  operates  to  reduce  this  forward  movement  of  the 
lens  and  it  was  claimed  that  midsized  pupils  would  exert  the 
maximum  force  against  forward  lens  movements.  No  discussion  of  the 
effects  of  this  forward  pressure  of  the  lens  on  pupil  size  was 
provided,  but  presumably  this  interaction  of  lens  and  pupil  is  not 
totally  one  sided.  If  forward  lens  movement  occurs  it  may  produce 
a  change  in  pupil  size  and  this  would  most  likely  be  pupil  dila¬ 
tion.  It  was  discussed  in  Chapter  13:  "Intraocular  pressure,"  that 
there  was  a  strong  possibility  that  reduced  aqueous  flow  combined 
with  increased  ocular  blood  volume  would  lead  to  a  similar  shallow¬ 
ing  of  the  anterior  chamber  during  hypoxia  as  that  produced  by 
pilocarpine.  Some  of  the  contradictory  and  unexpected  pupil  shifts 
with  hypoxia  may  result  from  the  forward  lens  movement  that  causes 
shallowing  of  the  anterior  chamber. 

Another  possible  hypoxic  mediator  of  pupil  size  would  be 
entoptic  phenomena  that  are  generated  by  hypoxia.  As  discussed 
earlier,  Newsome  (1971),  showed  entoptic  phenomena  have  a  strong 
influence  on  pupil  sizn.  Since  oxygen  administration  following 
hypoxia  produces  a  substantial  "red-veil"  entoptic  phenomenon 
(Rose,  1950b;  Wald  et  al.,  1942),  it  is  possible  pupil  constriction 
will  accompany  this  entoptic  phenomenon,  even  as  pupil  constriction 
was  associated  with  positive  afterimages  of  the  bleaching  stimulus 
during  dark  adaptation  for  Newsome. 
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Chapter  16 


Accommodation .  myopia,  and  the  crystalline  lens 


The  bulk  of  research  in  this  area  has  dealt  with  changes  in  the 
•3  near  point  of  accommodation  as  a  result  of  reduced  oxygen  tensions 

and  this  includes  changes  in  the  onset  of  fatigue  for  repeatedly 
accommodating  to  a  close  target.  A  small  amount  of  research  has 
looked  at  effects  of  greater-than-normal  oxygen  tension  on  this 
ocular  system  and  the  changes  in  refraction  appear  to  be  related  to 
cataract  formation  during  hyperbaric  oxygenation.  This  research  is 
discussed  following  the  research  on  hypoxia  changes. 


Hypoxia  and  accommodation,  myopia,  and  the  lens 

Early  balloonists  may  have  been  the  first  to  note  that  hypoxia 
influenced  ocular  accommodation  (McFarland,  1932;  Mercier  and 
Duguet,  1950) .  At  high  altitudes  without  oxygen  they  became  aware 
of  an  inability  to  focus  on  the  fine  graduations  of  the  mercury 
column  of  their  barometers,  their  watches,  and  other  near  objects. 
On  the  other  hand,  vision  for  distant  objects  remained  unchanged. 
Aviators  in  World  War  I  reported  similar  experiences  such  as  being 
unable  to  find  the  way  home  because  they  could  not  read  their  maps, 
although  they  were  able  to  see  the  ground  (McFarland,  1932) . 

Wilmer  and  Berens  (1918)  studied  the  effects  of  hypoxia  on 
ability  to  focus  at  close  distances.  For  some  subjects  they  used  a 
rebreathing  apparatus  that  continuously  reduced  oxygen  tensions 
over  a  period  of  about  20  minutes  to  levels  that  frequently  led  to 
unconsciousness.  They  also  tested  some  subjects  in  a  low-pressure 
chamber  at  altitudes  of  15,000,  20,000,  and  even  above  20,000  feet. 
The  rebreathing  apparatus  was  used  with  148  qualified  service 
personnel  who  had  the  near  point  measured  subjectively  every  minute 
using  a  Prince  rule.  Of  these  men,  44.6  percent  showed  a  receding 
of  the  near  point,  18  percent  had  a  closer  near  point,  23  percent 
showed  no  change  in  near  point  with  hypoxia,  and  "fluctuating 
changes  in  accommodation"  were  found  in  14.4  percent.  Similar 
percentages  were  obtained  for  17  men  tested  in  the  low-pressure 
chamber.  Personnel  who  could  not  meet  vision  standards  for 
aviators  were  also  tested  and  a  higher  percentage  showed  a  receding 
near  point  (64  percent)  when  breathing  oxygen  at  low  tensions. 

Wilmer  and  Berens  (1938)  looked  at  one  possible  cause  of  the 
large  individual  differences  in  changes  in  the  near  point.  They 
tested  whether  or  not  stress  might  predict  differences  and  compared 
near  point  changes  for  subjects  who  exhibited  strong  cardiovascular 
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reactions  to  hypoxic  stress  with  near  point  changes  for  subjects 
who  did  not  show  such  cardiovascular  reaction.  They  found  nearly 
identical  proportions  of  men  showing  decreased,  increased,  no 
change,  and  fluctuation  of  accommodation  power  as  were  found  among 
those  subjects  who  did  not  exhibit  such  strong  cardiovascular 
reactions. 

Wilmer  and  Berens  also  looked  at  recovery  of  the  near  point 
following  either  a  return  to  sea  level  or  inhalation  of  oxygen  at 
20,000  feet.  Both  conditions  led  to  a  return  of  the  near  point  of 
accommodation  to  the  value  measured  at  sea  level.  This  recovery 
was  rapid  for  some  and  slow  for  others,  although  no  discussion  of 
these  individual  differences  in  recovery  rate  was  provided. 

Furuya  (1937b)  was  reported  by  McFarland,  Evans,  and  Halperin 
(1941)  also  to  have  found  a  decrease  in  the  range  of  accommodation 
(reduced  near  point)  which  began  soon  after  reaching  16,400  feet. 
Continued  exposure  at  this  altitude  led  to  further  reduction  in  the 
range  of  accommodation.  Furuya  also  found  recovery  of 
accommodative  power  was  slow.  Sixty  minutes  of  exposure  at  this 
altitude  led  to  decrements  in  the  range  of  accommodation  that 
required  40  minutes  for  recovery  at  normal  oxygen  tensions. 

McFarland  and  Edwards  (1937)  measured  the  near  points  of 
persons  on  trans-Pacific  flights  at  altitudes  of  8,000  to  12,000 
feet.  They  found  the  near  point  only  receded  a  small  amount  (less 
than  one  cm)  and  was  "therefore  quite  insignificant." 

Evans  and  McFarland  (1938)  in  their  research  on  the  effects  of 
hypoxia  on  size  of  the  angioscotomata  repeatedly  measured  acuity 
and  refraction  during  the  testing.  They  used  four  healthy  subjects 
highly  trained  in  experiments  oh  oxygen  deprivation.  Acuity  wao 
measured  with  a  Snellen  chart  illuminated  by  5  ft-c  and  acuity 
remained  unaffected  with  low-oxygen  mixtures  equivalent  to  8,ooo, 
17,000,  and  even  20,500  feet.  However,  two  of  the  four  subjects 
required  large  increases  in  minus  correction  to  maintain  acuity  at 
the  lowest  oxygen  tensions.  For  subject  L.R.  the  sea  level 
correction  for  maximum  acuity  was  minus  one  diopter.  After  7 
minutes  of  breathing  a  mixture  with  9.2  percent  oxygen,  he  required 
a  correction  of  minus  four  diopters.  Subject  R.McF.  went  from  a 
correction  of  plus  five  diopters  while  breathing  a  mixture  of  12.36 
percent  oxygen  to  minus  three  diopters  when  breathing  9.23  percent 
oxygen.  The  other  two  subjects  did  not  show  refractive  shifts  as  a 
function  of  hypoxia. 

Nicholls  and  Minnes  (1943),  according  to  Mercier  and  Duguet 
(1950),  found  the  near  point  to  move  outward  for  eight  subjects 
(typically  less  than  three  cm)  and  to  remain  unchanged  for  another 
seven  subjects.  The  altitude  in  the  decompression  chamber  was  not 
specified  by  Mercier  and  Duguet. 


Livingston  (1944b)  measured  the  near  point  of  accommodation  and 
found  it  decreased  from  about  12  cm  at  sea  level  to  15  cm  at  15,000 
feet  and  to  about  16  cm  at  17,000  feet  (altitudes  were  simulated  in 
a  decompression  chamber) .  However,  Livingston  noted  identification 
of  "the  point  at  which  print  becomes  blurred  is  most  difficult  to 
define  when  the  mind  is  losing  its  capacity  to  discriminate.  Often 
it  has  been  impossible  to  take  reliable  records  at  simulated 
altitudes  over  17,000  feet  when  the  exposure  time  is  30  minutes." 
Unlike  for  accommodation,  Livingston  (1944b)  found  it  possible  to 
measure  visual  acuity,  convergence,  and  "desire  for  binocular 
vision"  (Bishop-Harman  test)  up  to  19,000  feet. 

Mercier  and  Duguet  (1950)  measured  changes  in  the  near  point  in 
eight  subjects  going  from  sea  level  to  6,000  meters.  They  found 
recession  of  the  near  point  from  one  to  five  cm  with  an  average  of 
three  cm.  Oxygen  at  6,000  meters  brought  the  near  point  back 
almost  to  normal.  They  found  less  recession  of  the  near  point  (or 
perhaps  generally  closer  near  points)  when  the  subject  adjusted  the 
distance  of  the  print  than  when  the  experimenter  did.  They 
concluded  that  this  greater  accommodative  power  when  the  subject 
adjusted  the  print  distance  complicated  interpretation  of  their 
results  and  prevented  the  development  of  general  conclusions  about 
hypoxia  effects  on  accommodative  power. 

Ohlbaum  (1969)  assessed  the  effects  of  hypoxia  on  accommodation 
and  also  on  convergence,  phorias,  and  stereopsis  in  19  men  aged 
ranging  from  20  to  39.  Fifteen  were  aviation  crew  members  and  four 
were  instructors  in  aviation  physiology.  All  had  20/20  vision  with 
correction,  if  needed,  and  none  had  any  marked  ocu. ar  muscle 
imbalance.  All  had  previously  been  exposed  to  hypr:ia  in  an 
altitude  chamber  up  to  and  including  the  point  of  hypoxic  collapse. 
Four  test  altitudes  of  0,  7,000,  15,000,  and  18,000  feet  were 
chosen.  Accommodation  and  convergence  were  tested  by  means  of  a 
Prince  Rule.  Accommodation  was  tested  monocularly.  Subjects  were 
placed  behind  the  phoropter  (wearing  spectacles,  if  needed)  and  a 
Snellen  chart  at  15  feet  (in  the  chamber)  was  used  for  a  subjective 
spherical  refraction.  Subjects  entered  the  chambers  in  groups  of 
three  or  four  and  testing  of  each  took  about  10  minutes.  Oxygen 
masks  were  worn  until  10  minutes  prior  to  testing. 

The  range  of  accommodation  was  significantly  reduced  as 
altitude  increased.  Ohlbaum  used  a  performance  index  which  was  the 
percentage  of  the  subjects  sea  level  near  point  although  it  was  not 
discussed  whether  this  was  diopters  or  distance.  At  7,00C  feet, 
the  near  point  receded  by  an  average  of  6  percent,  at  15,000  by  13 
percent,  and  at  18,000  feet  by  16  percent.  Three-quarters  of  his 
subjects  demonstrated  a  "measurable  drop"  in  accommodative  power  by 
18,000  feet.  However,  as  with  Wilmer  and  Berens  (1918)  this  left  a 
substantial  proportion  who  did  not  show  hypoxic  recession  of  the 
near  point. 
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Despite  finding  the  near  point  to  recede  for  most  of  the 
subjects,  Ohlbaum  (1969)  found  a  myopic  shift  in  refraction  as  a 
result  of  hypoxia.  This  myopic  shift  was  small,  averaging  0.12 
diopters*  at  18,000  feet,  but  it  was  highly  significant.  Myopic 
shifts  averaging  0.07  diopters  at  7,000  feet  and  0.08  diopters  at 
15,000  feet  also  were  found,  but  these  were  not  found  to  be 
significant.  One  can  only  speculate  about  the  reason  for  the 
refractive  shift,  but  one  possibility  is  lengthening  of  the  lens- 
retina  distance  due  to  a  simultaneous  increase  in  retinal  blood 
volume  and  reduction  in  aqueous  volume  (see  Chapter  13: 

"Intraocular  pressure").  As  mentioned,  this  myopic  shift  was 
occurring  at  the  same  time  Ohlbaum  was  finding  a  significant 
decrement  in  accommodative  power.  It  would  be  expected  that 
subjects  showing  the.  largest  increase  in  myopia  would  have  shown 
the  least  recession  of  the  near  point.  However,  this  was  not 
discussed  by  Ohlbaum. 

Carapancea  (1971)  provided  a  brief  English  abstract  that 
indicated  disturbances  of  visual  accommodation  at  high  altitudes 
occurred  as  a  result  of  increased  intraocular  pressure  following 
hypoxic  decompression.  These  problems  were  directly  related  to  the 
degree  and  duration  of  hypoxia.  The  problem  appeared  to  be 
confined  to  hyperopic  aviators  used  in  research  by  Carapancea  and 
his  associates  (it  may  be  that  Rumanian  aviators  were  selected  for 
hyperopia) .  These  accommodation  “disturbances"  apparently  were 
significant  shifts  of  the  near  point  closer  to  the  subject  with 
this  shift  being  1.2  cm  with  decompression  to  5,000  meters  without 
oxygen,  and  with  the  shift  ranging  from  1.4  cm  to  3  cm  for 
decompression  to  altitudes  from  12,000  to  18,000  meters  with  oxygen 
(Carapancea,  Stefan,  and  Udrescu,  1973) .  This  3-cm  shift 
represented  a  shift  of  the  average  near  point  from  10  to  15 
diopters. 

Wolbarsht,  White,  and  Anderson  (1973)  measured  the  near  point 
of  accommodation  under  various  oxygen  tensions  and  altitudes,  with 
20  percent  oxygen  at  9,500  feet,  they  reported  an  insignificant 
change  in  near  point  for  the  average  of  five  subjects  of  only  -0.06 
diopters.  However,  they  appear  to  have  accidentally  reported  the 
average  for  a  condition  with  40  percent  oxygen  breathed  at  14,000 
feet  Instead  of  the  correct  one  in  their  Table  III.  All  five 
subjects  showed  a  decrease  in  range  of  accommodation  and  a 
recalculation  of  the  average  change  from  individual  data  presented 
in  Table  IV  indicates  that  the  change  was  -0.59  diopters  for  all 
subjects  and  -0.44  diopters  if  a  subject  who  may  have  changed  his 
criterion  for  laser  speckle  motion  is  excluded. ^  Both  averages 
would  appear  to  indicate  a  significant  decrement  in  the  range  of 


1  Like  Livingston  (1944b),  Wolbarsht,  White,  and  Anderson 
(1973)  reported  that  it  became  difficult  under  the  hyp0*-0 
condition  to  concentrate  on  the  fine  details  of  the  target. 
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accommodation  and  subsequent  communications  with  Wolbarsht  indicate 
that  this  was  the  case.  Pure  oxygen  breathed  at  31,500  feet  also 
may  have  led  to  a  decrement  of  accommodation  range  with  an  average 
change  of  -0.42  diopters,  but  only  three  of  the  five  subjects 
showed  a  decrement.  Near  zero  average  changes  in  near  point  were 
noted  in  oxygen  tensions  which  weft-  breathed  at  7,250  and  14,000 
feet.  In  these  cases,  the  oxygen  tension  at  altitude  was  equal  to 
the  sea  level  oxygen  tension. 

Mountain  climbing  expeditions  also  have  produced  data  on 
hypoxia-based  accommodation  difficulties.  Clarke  and  Duff  (1976) 
reported  two  Mount  Everest  expedition  members  (one  emmetrope  and 
one  myope)  "noted  quite  independently"  problems  with  their 
accommodation  when  they  returned  to  4,000  meters  at;  the  end  of  the 
expedition.  It  was  net  specified,  but  the  accommodation  problem 
probably  was  a  recession  of  the  near  point.  The  accommodation 
problem  recovered  after  several  days. 

Kramar  et  al.  (1983)  did  not  find  a  change  in  near  point  for 
three  young  climbers  on  an  expedition  of  females  that  climbed  to  an 
altitude  of  5,500  meters.  On  the  other  hand,  a  4 3 -year  woman  did 
show  a  moderate  increase  in  both  near  point  of  accommodation  and 
also  the  end  point  of  accommodation. A  However,  the  most  unusual 
result  was  found  for  a  53-year  old  member  who  was  a  ''nciiclimber" 
and  who  did  not  go  above  5,000  meters.  She  showed  a  large  receding 
of  the  convergence  near  point.  (31  percent)  between  sea  level  and 
3,050  meters.  The  near  point  stabilized  during  further  climbing 
and  remained  constant  during  a  2-week  stay  at  5,000  meters. 
Surprisingly,  on  her  return  to  4,-250  meters  and  later  back  to  sea 
level,  she  showed  a  dramatic  improvement  in  both  accommodation  and 
convergence  with  her  near  point  about  six  cm  closer  than  the  near 
point  measured  at  sea  level  before  the  climb.  The  improvements 
lasted  for  several  days,  during  which  time  she  was  able  to  read 
without  her  reading  glasses.  Unfortunately,  there  was  r.o 
discussion  of  her  far  point,  but  one  suspects  that  she  probably 
became  somewhat  myopic. 

This  increase  in  "accommodation"  probably  was  not  the  result  of 
any  ciliary-based  alteration  of  the  lens,  given  that  the  woman  was 
53  years  old  and  accommodation  loss  with  age  is  one  of  the  must 
reliable  physiological  changes  with  age  that  exists.  The  myopia 
suggests  seme  change  in  the  dimensions  of  the  eye  resulted  from  the 
altitude  change,  either  a  total  lengthening  of  the  eyeball  oc 
perhaps  a  forward  movement  of  the  lens  as  a  result  of  shallowing  of 
the  anterior  chamber  (Hapstcne,  1981).  A  possible  hypoxic 
mechanism  for  this  was  mentioned  above  and  was  discussed  in  some 


2  It  ie  not  clear  whether  this  increase  ir.  the  end  point 
its  a  more  distant  or  closer  end  point,  h  dioptric  increase  in 
the  end-point  distance  would  be  a  closer  end  point. 


detail  in  Chapter  13:  "Intraocular  pressure."  Alternatively,  some 
new  "accommodation"  process  developed  as  a  result  of  the  exposure 
to  altitude.  One  can  only  speculate,  but  ciliary  tension  on  a 
rigid  presbyopic  lens  might  lead  to  a  lengthening  of  the  eyeball  if 
hypoxia  or  altitude  has  reduced  intraocular  pressure. 


Hypoxia  and  fatigue  of  accommodation. 

Wilmer  and  Berens  (1918)  measured  fatigue  of  accommodation  as 
well  as  range  of  accommodation.  They  used  a  modified  Hove 
ophthalmic  ergograph  which  required  focussing  on  a  target  moving 
toward  the  subject  and  reporting  to  the  tester  when  it  was  closer 
than  the  near  point  (when  the  target  first  blurred) .  The  target 
then  was  moved  away  from  the  subject  to  its  original  position  and 
then  it  repeated  the  forward  movement  requiring  increased  focus. 

At  st?  level,  three  minutes  of  these  rapidly-repeated  accommodative 
efforts  showed  little  effect  on  the  near  point.  A  decline  in  the 
near  point  was  noted  at  an  altitude  of  15,000  feet  and  a  very 
marked  and  rapid  fatigue  of  accommodation  was  noted  at  20,000  feet. 
The  authors  presented  data  for  one  subject  collected  at  sea  level, 
at  22,000  feet,  and  during  recovery  in  normal  air  1.3  minutes  after 
exposure  to  22,000  feet.  This  illustrated  the  physically-shortened 
near  excursion  of  the  target  at  altitude  at  which  the  subject 
already  reported  blurring.  It  also  showed  that  recovery  of 
fatigued  accommodation  does  not  immediately  occur  at  the  end  of 
hypoxia.  This  series  of  accommodative  efforts  during  the  recovery 
period  also  indicated  substantial  fluctuations  in  the  near  point  of 
about  1-minute  duration.  However,  no  discussion  of  these 
interesting  sinusoidal  fluctuations  or  the  extent  to  which  they 
typified  other  subjects'  responses  was  provided  by  Wilmer  and 
Berens . 

McFarland  (1937b)  used  the  same  apparatus  as  Wilmer  and  Berens 
(1918)  to  study  accommodation  fatigue  at  different  altitudes  in 
research  carried  out  in  the  Andes  mountains.  For  each  subject 
(and,  although  it  is  not  clear,  probably  at  the  beginning  of  each 
test  at  altitude) ,  the  near  point  was  determined  and  the  target 
then  was  moved  ;.way  from  the  subject  by  a  distance  which  McFarland 
indicated  to  be  20  mm,  but  given  the  picture  of  the  device,  which 
must  have  been  20  cm.  The  target  moved  forward  and  subjects  noted 
*hen  their  accommodation  to  the  target  failed  and  blur  set  in. 
Subjects  then  returned  the  device  to  its  starting  point  by  moving  a 
handle..  The  approaching  accommodation  stimulus  was  presented  at  a 
rate  of  30  to  36  approaches  per  minute  for  a  period  of  10  minutes 
or  until  substantial  fatigue  set  in.  Fatigue  was  defined  as 
failure  of  the  target  to  reach  the  initial  near  point  prior  to 
target  blur.  Only  a  small  amount  of  fatigue  occurred  at  sea  level 
tenting  with  256  trials  (256  forward  movements  of  the  target) 
occ.’jrrin<  oefore  fatigue  set  in.  At  9,200  feet,  a  small  amount  of 
fatigue  was  noted..  This  increased  progressively  through  12,020  and 


15,440  to  17,500  feet,  where  fatigue  first  was  noted  after  only  38 
trials.  At  this  altitude,  subjects  were  able  to  continue 
accommodating  to  any  target  distance  within  20  cm  of  the  initial 
near  point  for  an  average  of  only  5  minutes.  In  addition,  a  10-cm 
forward  movement  of  the  target  from  its  starting  point  led  to  blur 
after  only  an  average  of  about  100  trials. 

In  his  English  summary,  Giardini  (1949)  reported  results  on 
fatigue  of  accommodation  that  were  highly  similar  to  the  results  of 
McFarland  (1937b).  Eight  subjects  breathed  low-oxygen  mixtures 
corresponding  to  3,900,  4,900,  and  5,900  meters.  A  modified  Kowe 
Ergograph  was  used.  Only  a  slight  fatigue  or  no  fatigue  was  noted 
when  breathing  normal  air.  Fatigue  of  accommodation  already  was 
noted  at  the  3,900  meter  altitude  and  this  became  more  marked  with 
longer  stays  and  higher  altitudes. 


Hyperoxia  and  accommodation,  myopia,  and  the  lens 

The  effects  of  hypoxia  on  accommodation  near  point  and 
accommodation  fatigue  appear  to  be  largely  short-term  changes, 
although  recovery  after  hypoxia  appears  to  be  relatively  slow 
compared  to,  for  example,  recovery  of  absolute  or  differential 
sensitivity.  Short-term  effects  of  hyperoxia,  and  more 
specifically,  hyperbaric  oxygenation  on  accommodation  near  point 
and  accommodation  fatigue  probably  exist,  but  no  report  wus  found 
describing  such  research. 

At  least  three  studies  have  shown  there  are  cumulative  effects 
on  refraction  of  hyperbaric  oxygenation.  These  have  produced 
striking  increases  in  myopia  in  patients  undergoing  long-term 
exposure  for  treatment  of  various  diseases  that  typically  are 
unrelated  to  any  visual  problem. 

Scullica  and  Bisantis  (1968)  studied  changes  induced  by 
hyperoxia  on  the  lens  epithelium.  Immediate  and  delayed  effects  of 
a  1-hour  exposure  to  normal  and  hyperbaric  hyperoxia  were  measured, 
Unfortunately,  the  English  summary  of  this  Italian-language  article 
did  not  provide  any  discussion  of  the  results. 

Anderson  and  Farmer  (1978)  appear  to  have  been  the  first  to 
describe  a  myopic  shift  following  repeated  exposure  to  hyperbaric 
oxygen.  They  studied  10  patients  undergoing  repeated  hyperoxic 
exposure  for  the  treatment  of  osteoradionecrosis.  Their  ages 
ranged  from  51  to  69,  with  an  average  of  59  years.  Snellen  visual 
acuity,  refractive  error,  applanation  intraocular  tension,  and 
corneal  curvature  of  the  patients  were  measured  within  3  days  of 
the  first  exposure  and  again  at  the  end  of  the  treatment  regimen. 
This  regimen  consisted  of  breathing  98  percent  oxygen  for  2  hours 
while  exposed  to  two  atmospheres  of  absolute  pressure.  Forty 
exposures  were  given  with  one  per  day  except  Sunday.  Oxygen  wr.s 
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delivered  by  means  of  a  head  tent  and  the  external  portion  of  the 
eye  was  exposed  directly  to  the  hyperbaric  oxygen. 

Anderson  and  Farmer  (1978)  found  a  highly  significant  myopic 
shift  for  these  patients  which  averaged  -1.61  diopters.  No 
significant  shift  in  corneal  curvature  occurred  and  the  0.05- 
diopter  average  change  in  the  cornea  actually  indicated  a  flatter 
cornea.  Intraocular  pressures  decreased  by  only  0.8  mm  Hg  on  the 
average  and  this  was  not  significant.  Following  hyperbaric  oxygen 
treatment,  the  refraction  gradually  changed  back  toward 
pretreatment  levels  but  still  averaged  -0.23  diopters  at  the  last 
examination  which  occurred  12.5  weeks  (on  the  average)  after  the 
end  of  hyperbaric-oxygen  treatments.  Three  of  these  patients  were 
c iven  another  40  days  of  treatment  and  two  of  them  showed  similar 
increases  to  those  found  previously. 

The  absence  of  miosis  and  the  persistence  of  the  myopia 
indicated  accommodative  spasm  probably  was  not  the  basis  of  the 
nyof  change.  Unfortunately,  measures  were  not  made  of  axial 
length,  anterior  chamber  depth,  or  lens  thickness/curvature. 
Attendants  in  this  treatment  process  who  were  in  the  chamber 
breathed  air  instead  of  oxygen.  They  did  not  show  these  effects 
or,  at  least,  there  was  no  report  of  blurred  vision  as  reliably 
occurred  for  patients.  This  implied  it  was  not  pressure  per  se 
that  produced  the  myopia,  but  the  hyperbaric  oxygen. 

Lyne  (I97£j  studied  refractive  changes  in  a  series  of  26 
patients  (aged  36-80)  undergoing  hyperbaric  oxygen  therapy  for  more 
than  a  month  with  the  treatment  typically  for  ischemic  ulcers. 
Patients  typically  received  chamber  treatment  daily  (some  more 
frequently)  with  thio  consisting  of  30  minutes  while  pressure  was 
raised  t:  2.5  atmosp.ieres ,-  1  hour  at  2.5  atmospheres,  and  another 
30  minutes  while  the  pressure  was  reduced  to  atmospheric  levels. 
Several  measures  were  made  at  the  start  of  treatment  and  every 
month  afterward  until  tne  refractive  state  had  been  stable  for  at 
least  3  months.  T:ese  measures  were  refraction  with  and  without 
cyclop  leg i*  keratcaetry,  corneal  thickness  estimation,  anterior 
chamber  dej  t.i,  applanation  tonometry,  and  fundus  examination.  The 
Farnswocd-hunse.  1  100-h-e  color  test  was  given  and  axial  length 
(ultrasonography,  was  measured  at  the  beginning  and  end  of  the 
hyperbaric  t  ;»<>  cment  for  some  of  the  patients. 

Lyne  (197£  found  that  13  of  the  26  patients  examined  showed  a 
significant  change  in  refraction  toward  myopia.  One  diabetic 
patient  becamt  six  diopters  more  myopic  ir  only  20  weeks. 

Typically,  th*  observed  change  was  about  G.5  diopter  per  month. 
Changes  ir  tr.e  t  uo  eyes  always  were  comparable,  differing  at  most 
l  0.5  di:pter.  The  youm  er  patierts  showed  Iasi  tendency  to  this 
lafractivLi  cnange  than  older  oat:  ar.  ts  and  this  age  difference  was 

relatec  t'>  tr*»atjnen-.  leng-j-i.  •’There  wa:  no  significant  change 
ir.  kei& v  •  rterior  chamber  t4  >th ,  corneal  thickness,  or  axial 


length.  The  intraocular  pressure  was  unchanged  and  there  was  no 
alternation  in  color  vision  or  central  fields.  No  fundus  changes 
were  observed. " 

No  patient  without  lens  opacities  at  the  outset  of  treatment 
developed  opacities.  Those  patients  with  opacities  at  the  outset 
of  treatment  did  not  show  any  increase  in  opacities  (but  see  the 
contrasting  results  below  from  Palmquist  and  his  associates) . 
Increased  refraction  of  the  lens  was  concluded  to  be  the  cause  of 
this  myopic  increase  and  this  was  not  related  to  any  accommodative 
spasm  since  the  myopia  was  not  altered  by  cycloplegia.  There  was 
some  indication  increased  curvature  of  the  surfaces  of  the  nucleus 
of  the  lens  was  occurring.  Since  the  refractive  index  of  the 
nucleus  differs  from  that  of  the  lens  cortex,  this  could  account 
for  the  increased  lens  power.  In  all  cases,  termination  of 
hyperbaric  oxygen  led  to  a  rapid  initial  decrease  in  lens  power, 
followed  by  a  slower  decrease,  with  this  total  decrease  apparently 
to  pretreatment  refraction  levels.  Apparently,  axial-length 
measures  were  for  only  a  subset  of  patients  and  this  number  was  not 
given.  The  text  of  the  report  indicated  that  all  four  of  the 
diabetic  patients  in  the  sample  showed  the  myopic  shift,  whereas 
the  table  giving  changes  indicated  only  three  of  these  four 
changed . 

Palmquist,  Philipson,  and  Barr  (1984)  studied  refractive  and 
lens  changes  in  25  generally  older  patients  (mean  age=65.5, 

SD=15 . 9 )  who  were  being  treated  with  100  percent  oxygen  at  2  to  2.5 
times  the  normal  atmospheric  pressure  for  persistent  leg  ulcers.  A 
control  group  consisted  of  other  patients  on  a  waiting  list. 

Visual  acuity  was  assessed  and  biomicroscopic  lens  examination 
occurred  after  each  100  hyperbaric  oxygen  treatments.  The 
treatment  consisted  of  1  hour  of  exposure  to  hyperbaric  oxygen  and 
typically  occurred  twice  daily,  7  days  a  week. 

A  myopic  shift  appeared  for  24  of  25  patients.  This  was  at 
least  one  diopter  and  both  eyes  were  affected  equally.  The  average 
maximum  change  for  all  patients  was  3.0  diopters  with  the  maximum 
occurring  between  100  and  300  hours.  Vision  testing  occurred  too 
infrequently  to  pin  down  the  early  time  course  of  these  effects  of 
hyperbaric  oxygen  on  the  lens.  Myopia  typically  began  to  reverse 
after  300  hours  of  therapy.  Myopic  changes  persisted  for  at  least 
6  months  after  termination  of  oxygen  therapy.  No  myopic  shifts  of 
one  diopter  or  more  were  observed  in  the  reference  group.  Nuclear 
cataracts  developed  in  seven  of  the  15  patients  who  had  clear  lens 
nuclei  before  treatment.  No  nuclear  cataracts  developed  among  the 
12  patients  in  the  reference  group  who  had  clear  nuclei.  There  was 
a  confound  of  hyperbaric  oxygenation  with  Vitamin  E  which  was 
administer*- d  to  all  patients. 

Palmquist,  Fagerholm,  and  Philipson  (1986)  provided  additional 
information  about  the  nuclear  vacuoles  that  resulted  from 
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hyperbaric  oxygen  treatments.  Nuclear  vacuoles  -ere  found  in  11 
out  of  25  patients  treated  with  hyperbaric  oxygen  compared  to  19 
out  of  100  preoperatively  examined  senile  nuclear  cataracts.  Under 
slit-lamp  photography  and  quantitative  microradiography,  the 
vacuoles  appeared  as  dark  rounded  areas  with  a  lower  dry  mass 
content  (approximately  0.30  g  X  cm-31  than  the  surroundings 
(approximately  0.50  g  X  cm-3) .  The  opacities  (vacuoles)  in  the 
human  lens  nucleus  were  found  to  be  similar  to  opacities  found  in 
the  lens  cortex.  This  was  true  of  lenses  with  nuclear  cataract, 
whether  they  were  of  senile  type  or  induced  by  hyperbaric  oxygen. 

In  cataracts  induced  by  hyperbaric  oxygen,  the  vacuoles  were 
reversible  to  some  extent.  There  was  no  discussion  of  whether  or 
how  these  vacuoles  were  related  to  the  myopia  produced  by 
hyperbaric  oxygenation. 


Conclusions  and  research  needs 

One  reason  research  on  respiratory  effects  on  accommodation  is 
important  is  that  changes  in  accommodation  with  hypoxia  often  would 
influence  other  visual  performances.  Whether  a  target  is  in  proper 
focus  or  not  will  be  critical  for  contour  resolution  and  even  for 
maximum  concentration  of  light  in  absolute  sensitivity  studies  if 
the  targets  are  small.  Whenever  some  subjects  show  an  improvement 
in  visual  performance  with  hypoxia  and  others  show  a  decrement,  it 
suggests  a  change  in  refraction,  such  as  the  increase  in  myopia 
reported  by  Ohlbaum  (1969),  made  the  target  sharper  for  some  and 
made  the  target  more  blurred  for  the  others.  This  could  happen  if 
the  resting  point  of  accommodation3  were  farther  than  a  target  for 
subjects  with  a  distant  resting  point  and  nearer  than  a  target  for 
subjects  with  a  close  resting  accommodation  point.  Any  treatment 
that  caused  a  shift  of  the  resting  state  of  accommodation  (as  might 
be  expected  for  hypoxia)  would  increase  target  focus  for  one  of 
these  groups,  but  reduce  target  focus  for  the  other. 

No  studies  were  located  that  investigated  the  effects  of 
hypoxia  and  hyperoxia  on  the  resting  point  of  accommodation 
(Leibowitz  and  Owens,  1978) .  The  same  absence  of  research  on  the 
resting  point  of  accommodation  was  noted  for  smoking  (Dyer,  1986)  . 
There  is  a  need  for  research  on  respiratory  effects  on  the 
accommodation  resting  point.  Possible  effects  of  hypoxia, 
hypocapnia,  hyperoxia,  hypercapnia,  carbon  monoxide,  and  smoking 
might  shed  a  great  deal  of  light  on  the  general  and  idiosyncratic 
factors  determining  the  accommodation  resting  state.  The  results 
also  might  have  practical  value,  since  they  might  allow  prediction 


3  The  resting  point  of  accommodation  or  "dark  focus" 
refers  to  the  distance  adopted  by  accommodation  and  convergence 
In  the  absence  of  visual  st i-iuulat xon  (Leibovitz  and  Owens, 

1978)  . 
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of  target  detection  failures  associated  with  night  and  empty  field 
myopia  during  hypoxic  conditions.4  One  might  expect  these  myopias 
would  be  increased  by  hypoxia,  given  the  Ohlhaum  (1969)  finding  of 
increased  myopia  in  conditions  of  normal  illumination  with  "full" 
visual  fields.  On  the  other  hand,  if  hyperoxia,  hypocapnia,  or 
another  respiratory  variable  were  to  push  the  resting  focus  outward 
and  actually  reduce  night  and  empty  field  myopia,  appropriate 
respiratory  mixtures  or  respiratory  patterns  might  enable  aviation 
personnel  to  improve  their  detection  of  aircraft  or  other  targets 
at  optical  infinity.  The  moving  laser-speckle  phenomenon  used  by 
Wolbarsht,  White,  and  Anderson  (1973)  to  measure  the  distance  at 
which  the  eyes  were  focussed  would  have  many  advantages  for 
measuring  resting  focus  in  such  research. 

Individual  differences  in  hypoxic  effects  on  accommodation  also 
would  appear  to  be  a  prime  area  of  research.  The  Wilmer  and  Berens 
(1918)  research  indicated  while  most  subjects  showed  a  recession  of 
the  near  point,  18  percent  of  the  148  "normals"  actually  showed  a 
closer  near  point  during  hypoxia.  Ohlbaum  (1969)  had  a  significant 
minority  that  did  not  show  a  recession  of  the  near  point.  The 
Kramar  et  al.  (1983)  findings  also  indicated  large  individual 
differences  in  accommodation  (and  convergence)  during  actual 
ascents  to  high  altitudes. 

The  strong  role  of  hyperventilation  differences  in  other 
individual  differences  associated  with  hypoxia  such  as  sensitivity 
(Wald  et  al.,  1942)  and  standing  potential  changes  (Fenn  et  al., 
1949)  ,  suggests  hyperventilation  differences  among  aubjects  may 
produce  the  large  individual  differences  in  accommodation.  Duguet 
and  Mercier  (1951)  found  pupil  constriction  and  pupil  dilation  with 
hypoxia  also  varied  greatly  among  different  subjects.  The  near 
reflex  of  the  pupil  strongly  suggests  these  large  individual 
differences  in  accommodative  and  pupillary  responses  to  hypoxia 
might  be  linked.  Individual  differences  in  hyperventilation  (or 
some  other  factor)  may  influence  directly  one  or  the  other  visual 
system  while  indirectly  influencing  the  other.  Alternatively,  both 
systems  could  be  influenced  directly  by  hypocapnia  or  hypoxia. 

Wilmer  and  Berens  (1918)  showed  there  was  wide  variation  in 
time  for  recovery  of  the  near  point  following  a  return  to  normal 
air.  Furuya  (1937b) ,  according  to  McFarland,  Evans  and  Halperin 
(1941) ,  indicated  it  took  40  minutes  in  normal  air  for  the  near 
point  to  recover  from  the  effects  of  1  hour  at  16,400  feet.  These 


4  As  is  discussed  in  the  final  chapter,  night  myopia  may 
be  caused  by  "night  hypoxia,"  i.e.,  a  relative  hypoxia  produced 
by  the  greater  requirement  for  oxygen  in  darkness  that  was 
shown  by  Steffanson,  WoJbarsht,  and  Landers  (1983)  and  Linsen- 
meier  (1986) . 
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long-term  effects  on  accommodation  may  indicate  some  general  shift 
in  autonomic  nervous  system  function.  On  the  other  hand,  pure 
oxygen  at  normal  atmospheric  pressure  or  even  hyperbaric 
oxygenation  (but  see  below)  might  greatly  speed  this  slow  recovery 
from  hypoxia.  Research  investigating  recovery  from  hypoxia-induced 
recession  of  the  near  point  also  would  appear  to  be  of  considerable 
theoretical  and  practical  value. 

No  studies  were  found  which  looked  at  the  effects  of  hyperoxia 
on  the  accommodation  near  point  or  on  fatigue  of  accommodation. 
Reduced  ocular  blood  volume  as  a  result  of  hyperoxic  retinal 
vasoconstriction  perhaps  could  alter  the  dioptric  characteristics 
of  the  eye  and  the  far  point  of  accommodation  would  be  of  interest 
as  well  as  the  near  point.  One  might  expect  fatigue  onset  would  be 
slower  during  hyperoxia  than  at  sea  level,  given  the  additional 
oxygen  available  to  the  ciliary  muscle  (and  the  near-reflex-linked 
extraocular  muscles) .  Research  on  these  questions  may  have  both 
practical  and  theoretical  value.  However,  given  the  potential 
problems  for  vhe  eye  associated  with  hyperbaric  oxygenation  which 
were  discussed  above  (and  see  Chapter  20:  "Oxygen  toxicity"),  such 
research  on  hyperoxia  should  be  limited  initially  to  breathing  pure 
oxygen  at  a  single  atmosphere's  pressure.  Given  positive  results 
or  given  other  reasons  for  assessing  these  accommodation  functions 
during  hyperbaric  oxygenation,  it  would  be  best  to  limit  subjects 
to  patients  who  must  undergo  the  hyperbaric  oxygen  exposure  for 
clinical  reasons. 
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Chapter  17 


Wilmer  and  Berens  (1918)  included  measures  of  phoria  and 
convergence  in  their  extensive  decompression  chamber  and 
rebreathing  apparatus  studies  of  hypoxia  and  visual  performance. 

In  a  group  of  25  men  with  normal  ocular  function,  both  maximum 
abduction  (turning  of  eyes  outward)  and  maximum  adduction  (turning 
of  eyes  inward)  showed  a  decrease  as  oxygen  tension  decreased  and 
the  same  was  true  for  eursumvergence  (vertical  divergence  of  the 
two  eyes) . 

Tha  near  point  of  convergence  was  tested  in  147  men  with  normal 
eyes  on  the  rebreathing  apparatus.  Of  this  total,  50.3  percent 
showed  a  decrease  in  convergence  power,  17.6  percent  showed  an 
increase  in  power  of  convergence,  11.5  percent  showed  "fluctua¬ 
tion,"  and  20.6  percent  showed  no  change  in  convergence  power. 
Similar  percentages  were  obtained  in  72  subjects  showing  an 
increase  in  pulse  rate  and  a  maintenance  in  pulse  pressure, 
indicating  the  finding  was  not  related  to  a  heightened  cardiovas¬ 
cular  reaction. 

Fatigue  of  convergence  was  measured  by  repeated  convergence 
movements  on  Howe's  ophthalmic  ergograph.  Fatigue  of  convergence 
was  marked  at  15,000  feet  and  above  and  similar  results  for 
accommodation  were  discussed  in  the  last  chapter.  All  of  these 
decrements  in  oculomotor  functions  with  hypoxia  were  restored 
quickly  by  breathing  air  or  oxygen. 

Nicholls  (1950b)  described  the  results  of  a  study  conducted  by 
the  U.  S.  War  Department  (1919)  which  appears  to  have  been  highly 
similar  to  the  work  of  Wilmer  and  Berens  (1913)  on  convergence  and 
heterophoria.  "In  all  the  subnormal  subjects  examined,  particu¬ 
larly  in  those  with  convergence  insufficiency,  alone  or  combined 
with  divergence  (exophoria) ,  there  was  a  marked  loss  in  the  power 
of  adduction  and  diplopia  often  occurred  between  10,000  and  15,000 
ft.  Men  with  over  one  degree  of  hyperphoria,  particularly  when  it 
was  combined  with  exophoria,  showed  a  rapid  reduction  in  muscle 
strength,  which  often  resulted  in  diplopia,  the  work  thus  demon¬ 
strated  that  exophoria  and  hyperphoria  are  more  objectionable  than 
esophoria . " 

Nicholls  (1950b)  reviewed  a  pair  of  early  studies  that  indi¬ 
cated  heterophoria  tends  to  become  heterotropia  under  conditions  of 
hypoxia.  Mercier  and  Duguet  (1950)  reported  that  von  Tavel  (1943) 
described  a  pilot  who  flew  at  6,300  meters  without  oxygen  and 
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experienced  images  of  two  airplanes  when  only  one  was  in  front  of 
him.  He  did  not  know  which  was  real  and  was  sure  he  had  lost  his 
mind.  His  ''mind"  became  normal  when  he  flew  down  to  6,000  meters. 

The  ocular  balance  of  this  pilot  at  sea  level  was  not  described. 

McFarland  (1937a)  looked  at  the  effects  of  rapid  ascents  by 
airplane  and  train  in  the  Andes  on  a  number  of  functions  including 
deviations  from  orthophoria.  Six  subjects  were  compared  at  sea 
level  and  at  Morococha  (14,890  feet).  As  McFarland  stated,  "The 
phoria  test  shewed  completely  significant  deviations  for  the  group  * 

with  the  5  degree  prisms  at  a  distance  of  40  cm  and  fairly  sig¬ 
nificant  deviations  for  the  3  degree  prisms  at  6  meters."  Phoria 
measured  at  40  cm  at  sea  level  was  1.2  prism  diopters  and  at  14,890 
feet  it  was  4.2  prism  diopters.  Phoria  measured  at  6  meters  at  sea 
level  was  0.08  prism  diopters  and  at  14,890  feet  phoria  was  1.2 
prism  diopters.  Unfortunately,  it  is  not  clear  whether  these  were 
esophoric  changes  or  exophoric  changes  since  McFarland  probably 
averaged  both  esophoric  and  exophoric  shifts  as  he  did  in  a  similar 
study  (McFarland,  1937b) . 

McFarland  (1937b)  studied  phoria  and  convergence  fatigue  in 
another  of  his  studies  of  psychological  and  physiological  function¬ 
ing  at  high  altitude  in  the  Andes.  Phoria  was  measured  at  40  cm 
and  at  6  meters.  Changes  in  phoria  with  altitude  were  minimal  when 
phoria  was  measured  at  a  distance  of  6  meters,  but  phoria  changes 
measured  at  40  cm  increased  from  1.5  prism  diopters  at  sea  level  to 
2.8  prism  diopters  at  9,200  feet,  to  3 . 3  prism  diopters  at  15,440 
feet,  to  4.5  diopters  at  17,500  feet,  and  to  6.7  prism  diopters  at 
20,140  feet.  These  changes  were  highly  significant  at  the  two 
higher  elevations.  Unfortunately,  these  means  were  calculated 
without  regard  to  whether  the  change  was  esophoric  or  exophoric. 

Seven  of  the  subjects  were  reported  to  be  exophoric  and  three 
esophoric  (apparently  at  the  40-cm  measurement  distance)  and  this 
strongly  suggests  the  significant  changes  were  exophoric  and  this, 
in  turn,  suggests  a  convergence  insufficiency  for  the  near  measure¬ 
ments.  Unfortunately,  the  convergence  near  point  was  not  measured. 
According  to  Nicholls  (1950b),  Pol  (1938)  confirmed  these  findings 
of  McFarland  related  to  hypoxia  and  heterophoria . 

Fatigue  of  convergence  and  accommodation  also  were  tested  by 
McFarland  (1937b)  with  the  Berens-Howe  ocular  ergograph.  Subjects 
focussed  on  a  stimulus  that  moved  from  a  point  20  nun  away  from  the  ^ 

near  point  to  the  near  point  (determined  for  each  subject) .  When 
the  near  point  of  convergence  was  reached  (diplopia) ,  the  stimulus 
was  moved  back  to  its  starting  point.  Forward  strokes  of  the 
target  occurred  at  a  rate  of  30  to  36  per  minute.  For  conver¬ 
gence/accommodation  fatigue  measurements  at  sea  level,  most  ‘ 

subjects  could  converge  from  the  near  point  plus  20  mm  to  the  near 
point  (and  back)  for  the  full  10  minutes.  This  time  declined  xn 
proportion  to  altitude  until  at  17,500  feet  it  was  only  5.6  minutes 
for  convergence  and  5.0  minutes  for  accommodation. 
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According  to  Nicholls  (1937b),  Velhagen  (1937)  found  hypoxia 
increased  esophoria  for  distance.  He  examined  16  men  in  a  decom¬ 
pression  chamber  at  altitudes  up  to  18,000  feet.  Three  minutes  at 
that  altitude  produced  a  marked  increase  in  convergence  "in  those 
with  primary  esophoria  for  distance."  There  was  an  "increased 
convergence  insufficiency"  for  those  subjects  with  a  "primary 
exophoria  for  near."  Diplopia  did  not  occur  as  a  result  of  hypoxia 
for  any  subjects.  Administration  of  oxygen  or  return  to  normal 
atmospheric  pressure  led  to  return  of  normal  ocular  muscle  balance. 

Scobee  (1944)  studied  the  effects  of  moderate  hypoxia  and 
exhaustion  on  vertical  and  lateral  phorias  in  10  subjects.  Phorias 
were  determined  at  13  inches  by  a  Maddox  rod.  The  first  measure¬ 
ments  occurred  at  ground  level  and  were  repeated  after  30  minutes 
at  18,000  feet  in  a  decompression  chamber  without  oxygen.  Seven 
subjects  showed  exophoric  shifts  and  three  esophoric  shifts,  but 
the  average  phoria  change  was  nearly  zero.  Measurements  of  phoria 
were  not  made  at  20  feet  because  of  restricted  room  in  the  chamber. 
Vertical  phorias  also  were  virtually  unchanged,  although  five  men 
showed  less  vertical  phoria  during  hypoxia.  Exercise  to  exhaustion 
on  a  treadmill  also  did  not  cause  any  systematic  phoria  changes 
when  phoria  was  measured  immediately  after  exercise  at  both  far  and 
near  in  14  subjects. 

Livingston  (1344b)  measured  the  near  point  of  convergence  at 
various  levels  of  decompression  in  a  chamber.  The  convergence  near 
point  receded  4.5  cm  upon  change  from  15,000  to  17,000  feet  and 
receded  another  2  cm  going  from  17,000  to  19,000  feet.  This 
smaller  change  at  19,00u  feet  could  reflect  some  stimulus  to 
convergence  associated  with  severe  hypoxia. 

Livingston  (1944b)  also  found  when  subjects  measured  depth 
perception  by  adjusting  a  center  post  to  be  at  the  same  distance  as 
two  fixed  posts  on  either  side  of  it,  their  performance  under 
hypoxia  differed  from  sea  level  in  that  the  center  post  was  located 
closer  than  the  surrounding  posts.  This  was  seen  as. loss  of  power 
to  "maintain  binocular  concentration,"  due  apparently  to  difficulty 
in  converging  at  the  distance  of  the  posts  under  hypoxia,  although 
this  required  only  a  "small  degree  of  convergence." 

Adler  (1945)  studied  the  effect  of  hypoxia  on  phorias  measured 
at  far  and  near  and  the  effect  of  hypoxia  on  the  range  of  fusion. 
Subjects  were  eight  "normal  subjects."  Maddox-Rod  phoria  measure¬ 
ments  were  made  at  33  cm  and  at  "far."  Fusion-range  measurements 
were  made  with  an  "Orthoptoscope . "  All  measures  were  made  at  sea 
level  and  at  16,000  and  18,000  feet  in  a  decompression  chamber. 
Esophoric  shifts  appeared  during  Maddox-Rod  measurements  at 
distance  for  seven  of  eight  subjects.  Consistent  with  this  finding 
was  a  reduction  of  exophoria  for  near  measurements,  although  this 
exophoria  reduction  at  near  was  somewhat  less  reliable  than  the 
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esophoric  shift  at  distance.  Orthoptic  testing  indicated  closer 
fusion  break  points  and  recovery  points  as  hypoxia  increased  and 
less  distant  abduction  break  and  recovery  points.  These  results 
were  contrary  to  results  of  Wilmer  and  Berens  (1918),  Livingston 
(1944b) ,  and  others  who  have  found  the  convergence  near  point  to 
recede  during  hypoxia.  All  of  Adler's  results  pointed  to  an 
increased  tone  of  convergence  or  reduced  divergence  tone  during 
hypoxia. 

According  to  Bietti  (1953),  Bietti  and  Giardini  (1949a)  found  a 
deficiency  of  the  convergence  in  near  vision,  as  well  as  a  slight 
vertical  heterophoria  as  a  result  of  hypoxia.  According  to  Bietti 
(1953),  Bietti  and  Giardini  (1949b)  found  the  amplitudes  of 
convergence  and  divergence  were  reduced  in  severe  hypoxia.  In 
their  own  English  summary,  Bietti  and  Giardini  (1949b)  reported  10 
orthophoric  subjects  breathed  mixtures  of  from  8.5  to  10  percent 
oxygen.  Fusional  amplitude  was  measured  by  placing  prisms  before 
the  right  eye  until  a  nonfusable  diplopia  occurred.  The  fusional 
amplitude  in  adduction  was  diminished  perceptibly.  After  5  minutes 
at  the  simulated  altitude  of  about  7,000  meters,  an  average 
diminution  in  amplitude  of  3.1  prism  diopters  occurred.  After  10 
minutes  this  decreased  to  6.4  prism  diopters.  After  15  minutes 
this  decreased  to  7.4  prism  diopters,  but  fusional  amplitude  in 
adduction  did  not  decrease  further  at  20  minutes.  The  fusional 
amplitude  in  abduction  was  reduced  moderately  by  about  two  prism 
diopters.  For  both  adduction  and  abduction,  fusional  amplitude 
returned  to  normal-  shortly  after  resumption  of  air  breathing. 

Rose  (1949)  studied  the  effect  of  altitude  and  adaptation  to 
altitude  on  night  vision  and  ocular  muscle  balance.  Measures  were 
made  on  nine  subjects  of  phoria,  abduction,  and  adduction  at  near 
sea  level  and  then  repeatedly  during  nearly  2  weeks  at  10,000  feet. 
Phoria  measurements  were  made  at  six  meters  with  a  Maddox  rod. 
Subsequent  to  the  stay  at  elevation,  additional  measures  were  made 
in  a  decompression  chamber  and  in  normal  air  at  near  sea  level. 

Initial  phoria  measures  at  altitude  showed  an  esophoric  shift 
of  0.7  prism  diopters.1  Following  this,  a  gradual  increase  in 
exophoria  occurred  over  the  next  week  leading  to  a  measurement  that 
was  2.5  prism  diopters  different  from  the  first  test  at  altitude. 
Low  pressure  chamber  measures  made  a  month  or  more  after  the  stay 
at  10,000  feet  showed  a  2.2  prism  diopter  increase  in  esophoria 
compared  to  a  measure  made  at  ground  level  (761  feet)  immediately 
prior  to  decompression.  Adduction  power  showed  a  striking  increase 
of  nine  diopters  over  the  stay  at  10,000  feet,  with  four  prism 
diopters  of  this  occurring  at  the  first  testing  and  five  more  on 


1  This  was  according  to  Table  5  and  Figure  7.  Table  6 
indicated  0.3  prism  diopters  but  this  appears  to  be  an  incor¬ 
rect  sum  of  -0.5  and  +0.2. 
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the  next  test  2  days  later.  Abduction  power  increased  on  the  first 
day  of  testing  by  three  prism  diopters  then  declined  slightly  over 
the  remaining  tests. 

Mercier  and  Duguet  (1950)  tested  phorias  at  distance  of  seven 
subjects  in  a  decompression  chamber  at  16,400  feet.  Six  of  the 
subjects  had  sea  level  phorias  ranging  from  9  prism  diopters  of 
esophoria  to  6  prism  diopters  of  exophoria,  while  the  seventh  had 
15  prism  diopters  of  alternating  esotropia.  Although  the  latter's 
tropia  underwent  a  temporary  reduction  to  10  prism  diopters,  all  6 
of  the  binocular  subjects  showed  a  change  of  from  1  to  10  prism 
diopters  in  the  esophoric  direction.  Breathing  oxygen  at 
"altitude"  restored  the  former  state  of  ocular  balance.  Two 
subjects  with  hyperphoria  showed  no  changes  in  the  hyperphoria 
during  hypoxi 

Neely  (19ol;  1955)  assessed  the  effects  of  hypoxia  (20,000  feet 
in  a  decompression  chamber  while  breathing  air)  on  phorias, 
accommodation,  convergence,  adduction,  and  abduction.  Subjects 
were  10  men  with  an  esophoria  measured  at  6  meters  that  was  greater 
than  6  prism  diopters,  10  men  with  an  exophoria  measured  at  33  cm 
that  was  greater  than  6  prism  diopters,  and  5  men  with  normal 
phorias.  Subjects  were  first  tested  at  ground  level  then  decom¬ 
pressed  at  a  rate  of  3,000  feet  per  minute  to  an  altitude  of  20,000 
feet.  Subjects  remained  at  20,000  feet  for  3  to  5  minutes  before 
being  tested  again. 

All  but  one  esophoric  subject  showed  an  increase  of  esophoria 
with  the  average  increase  being  3.8  prism  diopters.  The  single 
esophoric  subject  who  had  a  one  prism  diopter  decrease  in  esophoria 
"was  a  well-trained  athlete  of  some  distinction."  All  exophoric 
subjects  showed  a  decrease  in  exophoria  with  the  average  decrease 
being  4.5  prism  diopters.  Measures  were  made  "on  the  way  up"  as 
well  as  at  final  altitude  for  some  subjects  and  the  esophoric  shift 
was  noted  in  many  as  early  as  10,000  feet.  Accommodation  "deteri¬ 
orated"  in  15  cases,  improved  in  2  cases,  and  was  unchanged  in  3 
cases.  Convergence  improved  in  2  cases,  deteriorated  in  7  cases, 
and  was  unchanged  for  10  cases.  Adduction  improved  in  1  case, 
deteriorated  in  6  cases,  and  was  unchanged  for  10  cases.  Abduction 
improved  in  no  case,  deteriorated  in  7  cases,  and  was  unchanged  for 
10  cases.  Manifest  convergent  squint  occurred  in  one  subject  and 
this  prevented  measures  of  convergence  and  adduction.  In  two  cases 
no  readings  were  possible  for  abduction. 

One  problem  with  the  research  is  that  a  few  more  minutes  than 
the  3  to  5  spent  at  20,000  feet  probably  would  have  been  required 
for  stable  reduced  levels  of  oxygen  saturation.  Measurements  were 
made  quickly  to  prevent  "undue  stress  to  the  patients"  and 
examiners.  However,  this  stressful  setting  itself  may  have 
contributed  to  the  increased  esophoria  and  reduced  exophoria  and 
stress  effects  probably  were  confounded  with  hypoxia  effects. 
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Ten  Doesschate  (1955)  measured  lateral  and  vertical  phoria 
during  decompression  to  20,000  feet  for  a  period  of  15  minutes. 

Subjects  were  20  men  with  phorias  at  ground  level  ranging  from  3 
prism  diopters  of  esophoria  to  2.5  prism  diopters  of  exophoria. 

Lateral  and  vertical  phoria  measurements  were  made  in  a  low 
pressure  chamber  at  ground  level,  at  20,000  feet  immediately  after 
an  ascent  while  breathing  pure  oxygen,  at  20,000  feet  after  15 
minutes  without  oxygen,  and  at  20,000  feet  after  20  minutes  of 
breathing  pure  oxygen.  It  was  not  clear  at  what  distance  phoria  * 

was  measured  in  the  chamber. 

Sixteen  of  20  subjects  became  more  esophoric  under  hypoxia  with 
the  range  of  these  esophoric  shifts  being  0.5  to  7  prism  diopters 
and  with  the  average  for  these  16  subjects  being  2.4  prism  diop¬ 
ters.  One  of  the  subjects  did  not  have  a  phoria  change  and  two 
showed  a  0.5  prism  diopter  decrease  in  esophoria.  Minimal  changes 
in  vertical  phoria  during  hypoxia  were  found  with  both  increases 
and  decreases  noted. 

Kobrick  (1968)  measured  lateral  phoria  and  vertical  phoria  at 
sea  level  and  again  after  24  hours  of  exposure  to  an  altitude  of 
12,800  feet  in  his  study  of  the  effects  of  exposure  to  12,800  feet 
(with  and  without  administration  of  the  drug  acetazolamide)  on 
visual  performance.  Hypoxia  did  not  produce  any  changes  in  lateral 
phoria  and  vertical  phoria  (or  changes  in  any  of  the  other  vari¬ 
ables)  .  The  24-hour  adaptation  period  probably  was  a  factor  in 
these  negative  results,  along  with  the  relatively  mild  level  of 
hypoxia. 

Ohlbaum  (1969)  assessed  the  effects  of  hypoxia  on  accommo¬ 
dation,  convergence,  phorias,  and  stereopsis.  Subjects  were  19 
men,  ranging  from  20  to  39.  Fifteen  were  aviation  crew  members  and 
four  were  instructors  in  aviation  physiology.  All  had  20/20 
vision,  with  correction  if  needed,  and  none  had  any  marked  muscle 
imbalance.  All  previously  had  been  exposed  to  hypoxia  in  an 
altitude  chamber  up  to  and  including  the  point  of  hypoxic  collapse. 

Four  test  altitudes  of  0,  7,000,  15,000  and  18,000  feet  were 
chosen.  Subjects  entered  the  chambers  in  groups  of  three  or  four 
and  testing  of  each  took  about  10  minutes.  Oxygen  masks  were  worn 
until  10  minutes  prior  to  testing. 

Accommodation  and  convergence  were  tested  by  means  of  a  Prince 
Rule.  Distant  phoria  measurement  (horizontal  and  vertical)  used 
dissociation  and  Risley  prisms  with  the  target  being  a  single 
letter  at  15  feet.  The  same  procedures  with  a  single  letter  at  16 
inches  on  a  reduced  chart  were  used  for  measurement  of  near  lateral  * 
phoria.  "Plus  acceptance"  was  measured  by  presenting  the  subject 
with  a  grid  consisting  of  three  fine  vertical  and  three  fine 
horizontal  lines.  Jackson  crossed  cylinders  were  placed  vertically 
in  the  phoropter  and  plus  ler.Ges  were  added  binccularly  until  the 
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vertical  and  horizontal  lines  were  equally  clear.  The  amount  of 
plus  lens  added  to  the  distant  refraction  was  recorded  as  the  plus 
acceptance  at  near. 


A  small  but  significant  decrease  in  the  AC/A  ratio  was  found 
that  appeared  to  accelerate  going  from  15,000  to  18,000  feet,  even 
as  the  increase  in  myopia  accelerated  from  15,000  to  18,000  feet. 
The  AC/A  ratio  at  sea  level  averaged  4.05,  this  ratio  averaged  3.62 
at  7,000,  averaged  3.44  at  15,000,  and  averaged  3.2  at  18,000  feet. 
As  discussed  in  the  last  chapter,  the  range  of  accommodation  was 
reduced  significantly  as  altitude  increased.  The  range  of  conver¬ 
gence  showed  a  similar  trend  under  hypoxia  as  the  range  of  accon- 
modation,  but  this  result  was  much  less  reliable.  No  significant 
hypoxic  changes  were  found  for  near  and  far  lateral  phorias, 
vertical  phoria,  or  plus  acceptance  at  near. 

The  absence  of  an  increase  in  esophoria  found  by  Ohlbaum  was  in 
marked  contrast  to  the  results  of  Velhagen  (1937),  Adler  (1945), 
Mercier  and  Duguet  (1950),  Neely  (1951;  1955),  and  ten  Doesschate 
(1955)  which  were  described  above.  Ohlbaum' s  subjects  were  highly 
familiar  with  decompression  and  this  may  have  been  a  major  factor 
in  his  negative  results  for  phoria.  If  stress  or  anxiety  were  a 
factor  in  the  esophoric  shifts  found  in  earlier  research,  effects 
would  be  expected  early  in  decompression  or  breathing  of  low  oxygen 
tensions  before  adaptation  and  relaxation  occurred.  Typically 
esophoric  shifts  were  noted  within  a  very  few  minutes.  In  one 
in3tar.cc,  esophoria  that  was  measured  early  in  hypoxia  was  replaced 
by  exophoria  in  later  measurements  at  altitude  (Rose,  1949) . 

Amos  (1976)  studied  the  effect  of  a  50  percent  nitrous  oxide/50 
percent  oxygen  mixture  on  the  lateral  heterophoria.  The  particular 
mixture  was  selected  because  it  produced  a  desired  analgesic 
effect.  Three  minutes  of  breathing  this  mixture  caused  a  large 
4.65  prism  diopter  average  shift  toward  esophoria  in  the  10 
subjects  when  phorias  were  measured  at  40  cm.  Phoria  measures  at 
six  meters  showed  1.05  prism  diopters  of  increased  esophoria,  but 
this  was  not  significant.  Distance  refraction  changed  by  an 
average  of  -0.237  diopters  and  the  AC/A  ratio  changed  from  5.94:1 
to  4.35:1.  These  AC/A  ratio  changes  were  similar  to  those  found  by 
Ohlbaum  (1969)  during  hypoxia.  It  was  not  clear  whether  it  was  the 
nitrous  oxide  or  high  oxygen  that  produced  the  changes  in  phoria, 
refraction,  an  1  AC/A  ratio.  Respiration  changes  associated  with 
the  analgesic  reduction  in  anxiety  also  could  have  been  a  factor. 

Kramar  et  al.  (1983)  examined  the  effects  of  altitude  on  the 
ocular  functions  of  seven  23-53-year-old  females  during  ascent  of  a 
6,798  meter  peak.  The  only  consistent  change  was  a  decrease  in 
convergence  amplitude  (a  recession  of  the  near  point  of  conver¬ 
gence)  as  altitude  increased.  The  accommodation  amplitude  did  not 
decrease  as  much  as  convergence  amplitude,  bo*-  this  may  have 
reflected  hypoxic  influences  increasing  the  refractive  power  of  the 
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eye,  as  was  discussed  in  the  previous  chapter.  Significant,  but 
inconsistent  changes  .in  phoria  occurred  for  three  of  the  seven 
subjects. 


Conclusions  and  research  needs 

Typically,  there  was  an  increase  of  esophoria  associated  with 
hypoxia,  but  this  result  was  not  found  in  all  of  the  studies.  The 
reasons  for  this  divergence  of  research  results  are  not  well  * 

understood.  Anxiety  in  the  testing  situation  may  have  been  a 
factor  and  Ohlbaum's  negative  results  may  have  reflected  the 
absence  or  the  low  levels  of  anxiety  as  a  result  of  the  extensive 
previous  experience  his  subjects  had  with  hypoxia  up  to  collapse. 

The  fact  that  the  esophoria  typically  is  found  early  in  the  hypoxic 
situation  also  would  support  an  anxiety  or  stress  factor  in  the 
esophoric  shifts.  Such  anxiety  effects  on  phoria  might  very  well 
be  mediated  by  hyperventilation  which  frequently  accompanies 
anxiety . 

Differences  in  hyperventilation  associated  with  hypoxia  may 
account  for  some  of  the  differences  found  between  various 
investigators  on  changes  in  phoria  and  some  of  the  huge  individual 
differences  in  the  effects  of  hypoxia  on  phorias.  Studies  looking 
at  the  resting  point  of  convergence  and  at  individual  differences 
in  hypoxic  effects  on  convergence  also  are  needed. 

Although  several  studies  investigated  the  effects  of  breathing 
pure  oxygen  on  recovery  of  convergence  and  phoria  changes  with 
hypoxia,  no  studies  were  found  which  looked  at  the  effects  of 
Increased  oxygen  tensions  on  convergence  and  phoria  without 
preceding  hypoxia.  Nor  were  any  studies  found  which  looked 
specifically  at  the  effects  of  hypocapnia  or  hypercapnia  on  phoria. 
Carbon  monoxide-induced  hypoxia  also  apparently  has  not  been 
studied  as  it  affects  phoria  and  convergence.  Research  in  each  of 
these  areas  would  appear  to  have  both  theoretical  and  practical 
benefits. 
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Chapter  18 


Reading  and  other  eve  movements 


The  effects  of  hypoxia  on  coordinated  eye  movements  have 
received  only  a  small  amount  of  attention  over  the  years,  although 
this  research  goes  back  to  the  1930s.  In  perhaps  the  earliest  of 
these  studies,  Gellhom  and  Spiesman  (1935)  induced  caloric 
nystagmus  while  subjects  breathed  mixtures  high  in  C02  and  low  in 
oxygen,  and  also  after  hyperventilation  which  would  produce  low  C02 
levels.  They  found  breathing  a  C02-air  mixture  decreased  the 
number  of  nystagmoid  movements  and  hyperventilation  increased  the 
number  of  nystagmoid  movements .  Oxygen  lack  reduced  the  number  of 
nystagmoid  movements,  but  had  a  much  smaller  effect  than 
hypercapnia  and  hypocapnia  on  nystagmus.  Only  when  hypoxia  was 
prolonged  for  20  minutes  or  more  did  significant  decrements 
typically  occur.  Since  hyperventilation  is  a  fairly  reliable 
correlate  of  hypoxia  (e.g.,  Ernest  and  Krill,  1971), 
hyperventilation  may  have  been  operating  to  counter  hypoxic 
effects. 

McFarland,  Knehr,  and  Berenn  (1937a)  studied  the  effects  of 
hypoxia  on  the  highly-practiced  response  of  reading  in  10  healthy 
college  students  19-34  years  of  age.  These  subjects  read  paragraph 
material  at  a  distance  of  33  cm  after  breathing  either  air,  12.5 
percent  oxygen,  10.5  percent  oxygen,  or  (four  subjects)  5  percent 
C02  (in  air)  in  a  portable  oxygen  chamber.  C02  levels  in  the 
chamber  never  exceeded  0.7  percent.  Eye  movements  were  measured  by 
photographing  reflections  from  each  cornea  on  moving  film. 

They  found  the  time  required  to  read  a  line  of  print  and  the 
number  of  fixations  per  line  increased  with  increasing  hypoxia. 
Accuracy  of  adjustment  of  eye  movements  decreased  during  hypoxia. 
Some  acclimatization  was  noted  by  the  end  of  1  hour  for  these 
subjects  for  the  12.5  percent  oxygen  condition,  but  no  such 
acclimatization  was  noted  with  10.5  percent  oxygen.  The  subjects 
breathing  elevated  C02  in  air  did  not  show  differences  from  their 
performance  in  air  without  C02 .  However,  the  increased  respiration 
rate  produced  by  the  C02  apparently  caused  head  movements  that 
caused  some  problems  for  eye  movement  recording. 

McFarland,  Knehr,  and  Berens  (1937a)  found  large  individual 
differences  in  the  effects  of  hypoxia  on  reading.  No  measures  of 
oxygen  saturation  (or  C02  levels)  of  the  blood  were  made  which 
might  have  helped  to  account  for  the  large  individual  differences. 
The  individual  differences  also  may  have  reflected  differences  in 
resting  level  of  accommodation  and  convergence  which  made  fixation 
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at  the  33  cm  viewing  distance  of  increased  difficulty  during 
hypoxia  for  those  with  more  distant  resting  fixation  points.  On 
the  other  hand,  despite  the  close  reading  distance,  subjects 
typically  diverged  their  eyes  when  they  fixated.  This  divergence 
became  less  during  hypoxia,  but  it  is  not  clear  whether  this 
reflected  less  accurate  binocular  superimposition  of  images  or 
whether  there  was  a  general  divergence  of  the  eyes  under  hypoxia 
that  led  to  a  smaller  divergence  requirement. 

McFarland,  Knehr,  and  Berens  (1937b)  conducted  a  similar  * 

investigation  on  12  patients  who  had  refractive  errors,  muscle 
imbalances,  and  heterotropias.  Eye  movements  were  photographed  in 
air  and  at  a  single  ‘altitude”  ranging  from  10,000  to  18,000  feet, 
depending  on  the  patient's  physical  condition.  The  average 
altitude  was  15,000  feet  (11.5  percent  oxygen).  As  for  the  normal 
subjects  in  the  earlier  study,  the  number  of  fixations  increased 
and  reading  time  increased  during  hypoxia. 

According  to  Newberry,  Johnson,  and  Smiley  (1565)  ,  Grtlttner 
(1944)  found  a  severe  oxygen  lack  (without  hyperventilation)  caused 
a  decreased  frequency  of  "post  autokinetic  nystagmus."  No  details 
of  methodology  or  elaboration  of  these  results  was  provided  in  this 
secondary  source. 

According  to  Bietti  (1953)  and  Mercier  and  Duguet  (1950), 

Bietti  and  Scano  (1946)  studied  reading  in  14  subjects  who  were 
tested  while  breathing  low  oxygen  mixtures  that  simulated  altitudes 
of  5,800  to  8,000  meters.  They  found  changes  in  reading  with 
hypoxia  were  similar  to  the  findings  of  McFarland,  Knehr,  and 
Berens  (1937a).  Reading  was  slowed  by  an  average  of  61  percent 
with  individuals  showing  changes  that  ranged  from  11  to  218 
percent.  The  slowing  apparently  occurred  in  two  phases.  First, 
there  was  an  increase  in  number  and  duration  of  fixations  as  a 
result  of  interference  with  perceptual  and  mental  processes. 

Second,  there  was  a  slowing  of  the  eye  movements  analogous  to  the 
symptoms  associated  with  fatigue  of  the  eyes.  This  second  phase 
was  viewed  as  the  result  of  "an  aggravated  oxygen  deficiency."  In 
addition  to  these  slower  movements  of  the  eyes  and  increased 
fixations,  there  was  a  more  frequent  swinging  back  to  groups  of 
figures  previously  viewed. 

Wiesinger  (1948),  according  to. Bietti  (1953),  found  a  slight 
protrusion  of  the  eye  during  hypoxia  which  was  attributed  to 
sympathetic  hyperexcitability.  Subjects  were  tested  during  an 
expedition  to  the  mountain  Jungfraujoch  at  an  elevation  of  3,457 
meters . 

Many,  perhaps  most,  subjects  show  a  tendency  to  hyperventilate 
during  hypoxia  (e.g.,  Ernest  and  Krill,  1971),  and  it  may  be 
significant  that  Fenn  et  al.  (1949),  who  used  electrooculography  to 
assess  the  effects  of  hypoxia  and  acapnia  on  the  standing 


potential,  found  hypocapnia  following  hyperventilation  caused  the 
lateral  eye  movements  used  to  generate  these  potentials  to  be 
slowed  and  to  become  erratic.  Although  hypoxia  also  was  studied  in 
their  research,  they  made  no  mention  of  hypoxia  disrupting  eye 
movements,  only  the  hyperventilation. 

Newberry,  Johnson,  and  Smiley  (1965)  studied  the  effects  of 
hypoxic  hypoxia  on  nystagmus  induced  by  angular  acceleration.  In 
one  trial,  hypoxia  was  produced  by  decompressing  the  subject  to  an 
altitude  of  20,000  feet.  In  another  trial,  hypoxia  was  produced  by 
having  the  subject  breathe  a  10  percent  oxygen/90  percent  nitrogen 
mixture.  Trials  in  air  at  ground  level  both  preceded  and  followed 
the  trials  under  hypoxic  conditions. 

Breathing  10  percent  oxygen  at  ground  level  produced  a  61 
percent  increase  in  the  slow  phase  angular  velocity  compared  to 
breathing  air  at  ground  level,  but  this  was  not  a  significant 
increase.  However,  much  larger  and  highly  significant  effects 
occurred  in  the  decompression  condition  for  all  dependent 
variables.  There  was  nearly  a  100  percent  increase  in  total 
angular  deviation,  maximum  angular  velocity,  and  total  duration  of 
nystagmus  compared  to  breathing  air  at  ground  level.  These  changes 
were  not  viewed  as  being  the  result  of  the  hypoxia  or  the  pressure 
change,  but  as  a  result  of  the  subjects'  anxiety.  The 
decompression  condition  was  viewed  by  subjects  as  much  more 
dangerous  than  other  conditions,  despite  reassurances  about  its 
safety,  and  despite  actual  demonstrations  of  its  safety.  This 
unrelieved  anxiety  was  seen  to  be  the  basis  for  the  increase  in 
nystagmus  and  not  hypoxia  or. the  pressure  change  itself.  Although 
respiration  changes  were  not  measured,  the  authors  believed 
hyperventilation  caused  by  the  anxiety  mediated  these  effects  on 
nystagmus . 

Scano,  Mazza,  and  Caporale  (1966)  studied  the  influence  of  mild 
hypoxia  on  visual  perception  during  postrotatory  optical  nystagmus. 
They  found  hypoxia  or  pretest  rotation  alone  did  not  increase 
significantly  perceptual  errors  over  those  with  neither  hypoxia  or 
pretest  rotation.  However  hypoxia  combined  with  pretest  rotation 
did  significantly  reduce  performance. 

Pierson  (1967)  examined  mild  hypoxia  effects  and  effects  of  100 
percent  oxygen  on  visual  sensitivity  and  on  performance  on  a 
reading  test  (U.S.  Air  Force  hypoxia  demonstration  chart).  The 
subjects  were  10  males  with  20/20  uncorreC  ed  vision  with  an 
average  age  of  28.3  (SD=4.8).  They  were  tested  at  ground  level 
(1,300),  8,000,  and  9,300  feet.  Ground  level  testing  was  followed 
by  "altitude"  testing  which  again  was  followed  by  ground  level 
testing.  Chamber  air  and  pure  oxygen  were  counterbalanced  across 
the  first  two  sessions.  There  were  no  effects  of  altitude  or  100 
percent  oxygen  on  the  reading  test  or  on  the  visual  sensitivity 
test  (sensitivity  results  were  discussed  earlier) .  Pierson 
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indicated  although  the  reading  test  was  insensitive  to  the  mild 
hypoxia  of  8,00c  and  9,300  feet,  it  provided  "a  dramatic 
demonstration  of  the  effects  of  hypoxia  at  18,000  feet  in  altitude 
indoctrinations . " 

Alder  and  Cringle  (1985)  studied  the  effects  of  breathing  air 
and  oxygen  on  vitreal  oxygen  tension  in  cats  when  oxygen  electrodes 
were  moved  forward  and  backward  in  the  vitreous  to  retinal 
locations  of  veins  and  arteries.  In  almost  all  instances,  movement 
of  electrodes  occurred  when  respiratory  gases  changed,  blood 
pressure  changed,  or  intraocular  pressure  changed.  These  sometimes 
were  substantial  lateral  movements  that  led  to  puncture  of  the 
retina.  The  source  of  these  movements  was  unknown,  but  it  was 
suggested  as  being  due  to  retinal  circulation  changes  and  changes 
in  blood  volume.  These  appear  to  be  changes  in  eyeball  shape  which 
produced  movement  of  the  side  of  the  eyeball  (where  the  electrode 
entered)  relative  to  the  retina.  Such  changes  in  eye  shape  augur 
for  refractive  changes  of  the  eye  during  hypoxia,  hyperoxia,  or 
changes  in  atmospheric  pressure.  Such  refractive  changes  would  be 
expected  to  degrade  or  to  enhance  acuity,  sensitivity,  field  size, 
etc.,  and  these  refractive  changes  could  account  for  many  of  the 
contradictory  findings  in  this  literature  and  also  could  account 
for  large  individual  differences  in  effects  of  hypoxia,  if  the 
refractive  change  improved  target  focus  for  one  subject  but 
degraded  target  focus  for  another  (see  Chapter  13:  "Intraocular 
pressure") . 


Conclusions  and  research  needs 

The  research  has  typically  shown  that  eye  movements  are 
influenced  by  hypoxia,  although  the  results  of  Gellhorn  and 
Spiesman  (1935)  and  of  Newberry,  Johnson,  and  Smiley  (1965)  on 
nystagmus  indicate  the  hypocapnia  that  often  accompanies  hypoxia 
may  be  a  major  factor  in  some  of  these  "hypoxic"  changes.  No 
research  was  found  which  looked  specifically  at  the  effects  of 
carbon  monoxide  hypoxia  (hemic  hypoxia)  on  eye  movements.  This 
also  was  true  for  respiratory  conditions  producing  hyperoxia, 
although  research  was  found  on  the  effects  of  hypercapnia. 

The  dynamic  visual  scenes  encountered  in  fast  moving  miliary 
aircraft  frequently  must  require  rapid  tracking  of  stimuli  in  the 
visual  field.  It  would  be  important  to  learn  whether  or  not  these 
pursuit  movements,  general  visual  search  movements,  and  optokinetic 
nystagmus*  are  altered  by  low-oxygen  hypoxia,  hemic  (COHb)  hypoxia, 


1  Any  turning  of  the  head  or  eyes  of  an  aviator  or  any 
turning  of  the  aircraft  would  produce  the  lateral  movement  of 
contours  in  a  single  direction  that  typifies  the  revolving-drum 
contours  used  to  generate  optokinetic  nystagmus. 


hyperoxia,  and,  perhaps  of  most  importance,  hyperventilation  and 
its  resultant  hypocapnia.  Hypocapnia  is  stressed  because  the 
Newberry,  Johnson,  and  Smiley  (1965)  finding  of  anxiety-produced 
hyperventilation  surely  has  its  combat-anxiety  counterpart. 


Chapter  19 


The  effects  of  hypoxia  on  the  cornea  received  little  attention 
from  vision  researchers  prior  to  introduction  of  contact  lenses. 

As  will  be  discussed  in  this  chapter,  placing  a  contact  lens  over 
the  cornea  sharply  reduces  the  oxygen  available  to  the  cornea  and 
this  can  lead  to  swelling  (edema)  of  the  cornea  and  to  formation  of 
epithelial  microcysts.  Just  closing  the  eyes  reduces  oxygen 
available  to  the  cornea  by  two-thirds.  When  contact  lenses  are 
worn  during  sleep  or  under  lids  closed  for  reasons  other  than 
sleep,  this  combination  of  hypoxia-producing  conditions  leads  to 
corneal  hypoxia  and  frequent  corneal  swelling  even  with  extended- 
wear  lenses  (Efron  and  Carney,  1981) . 

Not  all  research  on  hypoxia  and  the  cornea  has  been  related  to 
contact  lens  problems.  Zwahlen  and  Grand jean  (1948)  looked  at  the 
effects  of  altitude  on  the  sensitivity  of  the  cornea  to 
stimulation.  Subjects  spent  10  days  at  an  altitude  of  3,450 
meters.  Sensitivity  of  the  cornea  was  found  to  increase  at 
altitude. 

LeOnardi  (1951)  reported  in  his  English  summary  the  sensitivity 
of  the  cornea  increased  for  19  out  of  30  subjects  when  oxygen 
mixtures  were  breathed  corresponding  to  simulated  altitudes  of 
4,000  to  7,000  meters.  Subjects  breathing  mixtures  with  the  lowest 
oxygen  levels  were  most  likely  to  experience  increased  sensitivity. 
The  summary  did  not  indicate  whether  the  eyes  were  exposed  to  the 
low  oxygen  mixture.  As  will  be  discussed  later,  sensitivity  of  the 
cornea  decreased  following  extended  exposure  of  the  cornea  to  much 
lower  oxygen  tensions  than  these  (Millodot  and  O'Leary,  1980) . 

Smelser  (1952)  typically  is  credited  with  being  the  first  to 
observe  that  hypoxia  produced  by  contact-lens  wear  led  to  problems 
such  as  the  appearance  of  halos.  He  found  exposing  the  eye  to  pure 
nitrogen  for  4  hours  led  all  four  of  his  subjects  to  report  the 
appearance  of  bright  halos.  Two  of  the  subjects  saw  these  at  3 
hours.  The  halos  may  have  been  present  even  earlier  for  all 
subjects,  but  condensate  on  the  inner  surface  of  the  goggles  made 
clear  vision  impossible.  The  angular  size  of  these  halos  was 
identical  to  the  halos  that  had  previously  been  viewed  as  a  result 
of  wearing  contact  lenses.  A  C02-nitrogen  mixture  produced 
basically  the  same  results  as  an  all  nitrogen  mixture.  To  test 
whether  C02  would  produce  halos,  a  mixture  of  15  percent  C02  and 
air  was  circulated  around  the  cornea.  No  halos  appeared  during  a 
4-hour  period. 
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Fatt  and  Bieber  (1968)  provided  a  theoretical  discussion  of  the 
steady  distribution  of  oxygon  and  carbon  dioxide  in  the  in  vivo 
cornea  with  both  an  open  and  a  closed  eyelid.  The  model  was  based 
on  system  parameters  for  diffusion,  solubility,  consumption,  and 
production  of  the  two  gases  determined  from  previous  research. 

With  the  eyes  open,  sharp  gradients  for  oxygen  and  CO2  were 
postulated  to  exist  across  the  cornea.  Oxygen  tension  was  high  at 
the  epithelium  where  it  entered  the  cornea  and  declined  to  a  value 
of  55  mm  Hg  at  the  endothelium  where  it  left  the  cornea.  CO2  was 
high  at  the  endothelium  and  declined  to  near  zero  at  the  epithelium 
where  it  left  the  eye.  With  closed  lids,  C02  tension  was  predicted 
to  show  little  variation  across  the  cornea,  although  it  was 
estimated  to  be  somewhat  higher  within  the  cornea  (where  it  was 
produced)  than  at  both  corneal  surfaces  where  it  passed  from  the 
cornea.  Oxygen  tension  was  calculated  to  be  sharply  lower  at 
midcornea  with  closed  lids,  but  rose  to  approximately  equal 
tensions  at  both  corneal  surfaces. 

Poise  and  Mandell  (1970)  exposed  the  surface  of  the  goggled  eye 
to  pure  nitrogen  and  to  low  oxygen  mixtures  of  1.0  percent,  1.5 
percent,  and  2.5  percent  oxygen.  They  monitored  corneal  thickness 
to  determine  the  hypoxic  threshold  for  corneal  swelling  (edema).1 
Pure  nitrogen  produced  a  rapid  thickening  of  the  cornea  and  this 
thickening  accelerated  over  a  period  of  90  minutes.  Oxygen 
tensions  of  1.0  and  1.5  percent  produced  a  thickening  of  the  cornea 
that  was  linearly  related  to  exposure  time.  For  the  2.5  percent, 
oxygen  mixture  (oxygen  pressure  equal  to  19.0  mm  Hg) ,  there  was  no 
evidence  of  corneal  thickening  over  4  hours  of  exposure.  Results 
were  the  same  with  dry  and  humidified  gases.  They  concluded  if 
oxygen  is  "below  a  critical  range  of  11  to  19  mm  Hg,  the  cornea 
will  hydrate  and  swell." 

Kwan,  Niinikoski,  and  Hunt  (1972)  moved  small  oxygen  electrodes 
through  rabbit  eyes  and  recorded  oxygen  tensions  within  the  cornea, 
aqueous  humor,  and  anterior  lens.  Oxygen  tension  dropped  sharply 
as  the  cornea  was  penetrated  and  the  epithelium  traversed.  Oxygen 
tension  continued  to  drop  in  the  stroma,  then  rose  sharply  in  the 
endothelium  to  a  relatively  high  level  in  the  aqueous  humor  that 
showed  no  changes  across  the  anterior  chamber.  Oxygen  tension  then 
dropped  sharply  as  the  lens  was  penetrated  and  reached  lowest 
levels  in  the  anterior  lens  which  was  the  most  distant  point  into 
the  eye  that  was  measured.  Anterior  chamber  levels  averaged  72  mm 
Hg  and  this  was  somewhat  higher  than  earlier  research  had  shown  or 
predicted.  The  sharp  rise  of  oxygen  in  the  endothelium  wou.1  d 
appear  to  counter  predictions  made  by  Fatt  and  Bieber  (1968)  of  a 


1  Control  experiments  in  air  had  shown  no  diurnal  varia¬ 
tion  in  cornea  thickness. 


linear  drop  in  oxygen  tension  from  epithelium  to  aqueous  humor  and 
for  a  negligible  endothelium  effect  on  corneal  oxygen  tension. 

Poise,  Sarver,  and  Harris  (1975)  studied  corneal  edema  and 
vertical  striae  accompanying  the  wearing  of  hydrogel  lenses.  They 
found  corneal  swelling  increased  linearly  over  the  first  several 
hours  of  wearing  time  and  the  average  increase  in  corneal  thickness 
for  seven  subjects  wac  about  six  percent  after  8  hours.  Vertical 
lines  were  observed  (striae)  after  swelling  by  about  one-half  of 
the  subjects.  Corneal  swelling  diminished  and  striae  disappeared 
when  the  lenses  were  removed.  Although  the  striae  were  correlated 
with  corneal  swelling,  striae  sometimes  did  not  appear  concurrently 
with  swelling  and  in  other  instances  striae  remained  after  the 
swelling  declined.  Hydrogel  lenses  appeared  to  be  a  factor  in  the 
striae  since,  according  to  the  authors,  swelling  following  hard  « 

lens  wearing  was  not  accompanied  by  striae. 

Poise  and  Mandell  (1976)  conducted  additional  research  on  the 
etiology  of  corneal  striae  accompanying  hydrogel  lens  wear. 

Contrary  to  the  conclusions  of  Poise,  Sarver,  and  Harris  (1975) , 

Poise  and  Mandell  found  exposure  of  the  goggled  eye  to  pure 
nitrogen  caused  swelling  and  striae  without  any  need  to  wear  a 
hydrogel  lens.  Striae  appeared  when  corneas  had  swollen  by  about 
five  percent  and  this  took  less  than  2  hours.  Exposure  of  the 
cornea  to  air  diminished  swelling  and  the  striae  disappeared  when 
the  thickness  returned  to  the  critical  five  percent  level.  The 
authors  also  investigated  the  effect  of  exposing  an  eye  wearing  a 
gel  lens  to  oxygen.  After  about  4  hours  of  wearing  the  lens  in 
normal  air,  swelling  had  increased  and  striae  were  present.  The 
gas  goggles  then  were  put  on  and  80  percent  oxygen  was  circulated 
within  the  goggles.  Swelling  decreased  sharply  and  the  striae 
disappeared.  The  goggles  were  then  removed  and,  following  another 
3  hours,  the  swelling  and  striae  returned. 

Hess  and  Garner  (1977)  studied  the  effect  of  corneal  edema  on 
visual  acuity.  Observations  were  made  on  the  single  eye  of  one 
subject.  Age,  refractive  status,  and  other  information  about  the 
subject  were  not  provided.  The  goggled  eye  was  exposed  to  100 
percent  nitrogen  for  a  period  of  3.5  hours.  Corneal  shape  and 
thickness  .measures  were  made  as  Well  as  measures  of  acuity  for 
Snellen  test  letters,  Landolt  Cs,  and  sine  wave  gratings.  The 
viewing  distance  was  57  cm.  for  sine  wave  gratings  with  spatial 
frequencies  of  0.3  to  3  cycles  per  degree.  The  viewing  distance 
was  570  cm  for  the  higher  spatial  frequencies  of  5  to  100  cycles 
per  degree. 

Corneal  thickness  remained  constant  for  1  hour  then  increased  * 

linearly  for  the  next  2  hours  with  a  small  increase  from  hour  three 
to  hour  four.  Corneal  thickness  increased  by  six  percent  over  the 
period  of  anoxia.  A  significant  loss  of  acuity  occurred  for 
Landolt  Cs  (6/3.8  to  6/7.2)  and  for  higher-frequency  sine  wave 
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gratings.  However,  the  confound  of  viewing  distance  with  its 
different  accommodation  requirement  may  partially  explain  the 
change  in  contrast  sensitivity  for  the  higher- frequency  sine  wave 
gratings  that  occurred  with  edema. 

Decker,  Poise,  and  Fatt  (1978)  manipulated  the  center  thickness 
and  oxygen  transmissibility  of  soft  contact  lenses  and  determined 
the  amount  of  corneal  swelling  for  these  lenses  over  an  8-hour 
period.  On  the  basis  of  these  data  and  results  from  previous 
research,  they  calculated  the  minimum  oxygen  tensions  under  the 
lens  necessary  to  maintain  normal  corneal  hydration  (prevent 
swelling)  was  10  mm  Hg. 

Poise  (1979)  demonstrated  the  flow  of  tears  under  hydrogel 
contact  lenses  contributed  only  a  very  small  portion  of  the  oxygen 
received  by  the  cornea.  Typically,  this  was  only  a  little  over  one 
mm  Hg  for  each  of  the  three  lenses  tested.  Diffusion  of  oxygen 
through  the  lenses  provided  a  much  greater  amount  of  oxygen.  This 
varied  from  7.1  mm  Hg  for  the  AOsoft  lens  through  25.8  mm  Hg  for 
the  HydroCurv  II  lens. 

Efron  and  Carney  (1979)  placed  polarographic  oxygen  electrodes 
on  the  corneal  surface  beneath  closed  lids  and  determined  the  level 
of  oxygen  to  be  7.7  percent  (56.7  mm  Hg) .  This  corresponded 
closely  to  earlier  measurements  by  Fatt  and  Bieber  (1968).  Efron 
and  Carney  (1981)  made  further  measurements  of  oxygen  tension  in 
human  eyes  beneath  contact  lenses  under  open  and  closed  eyelids. 
They  compared  daily  wear  and  extended  wear  lenses.  Oxygen  tension 
beneath  the  daily  wear  lens  (Hydron)  was  2.2  percent  with  an  open 
eyelid.  With  a  closed  eyelid  this  dropped  to  zero.  For  one 
extended  wear  lens  (Permalens)  the  comparable  oxygen  atmosphere 
figures  were  6.5  and  2.4  percent.  For  the  other  extended  wear  lens 
(Gelflex  75)  the  comparable  figures  were  6.9  and  1.4  percent. 

Since  Mandell  and  Farrell  (1980)  found  an  oxygen  atmosphere  of 
about  three  percent  was  necessary  to  prevent  corneal  swelling  (see 
below) ,  there  was  some  question  whether  the  "extended  wear"  lenses 
were  truly  suitable  for  extended  wear. 

Wagner,  Poise,  and  Mandell  (1980)  studied  tear  pumping  and 
corneal  edema  with  soft  contact  lenses.  They  varied  the  base  curve 
of  lenses  to  see  if  this  would  promote  tear  flow  under  the  lens  and 
increase  oxygen  which  would  prevent  corneal  swelling.  Their 
results  indicated  changing  the  base  curve  from  7.8  to  9.0  mm  had  no 
appreciable  effect  on  tear  replenishment  or  corneal  swelling. 

Millodot  and  O'Leary  (1980)  studied  the  effect  of  oxygen 
deprivation  on  corneal  sensitivity.  They  exposed  goggled  eyes  to 
low  oxygen  mixtures  (2.1  percent  and  3.15  percent)  for  extended 
periods  and  periodically  measured  corneal  sensitivity  using  the 
Cochet-Bonnet  esthesiometer .  Corneal  touch  thresholds  increased  by 
well  over  100  percent  in  8  hours  for  2.1  percent  oxygen.  A  similar 
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effect  was  found  with  3 . 15  percent  oxygen  although  it  took  about 
anothei  hour  before  initial  decrements  in  sensitivity  set  in. 

These  reductions  in  corneal  sensitivity  occurred  with  oxygen 
atmospheres  that  are  sufficient  to  prevent  corneal  swelling. 

Corneal  sensitivity  to  touch  thus  may  have  clinical  significance  as 
an  indicator  of  less  severe  ccrneal  hypoxia  that  may  have 
consequences  for  vision  or  ocular  pathology,  even  though  it  is  not 
severe  enough  to  cause  corneal  edema. 

Wilson  and  Fatt  (1980)  investigated  the  thickness  of  the 
corneal  epithelium  during  anoxia  in  rabbits.  They  found  the 
swelling  of  the  cornea  was  due  almost  totally  to  swelling  of  the 
stroma  and  not  swelling  of  the  epithelium.  Although  they 
recognized  epithelial  swelling  can  occur  in  some  instances,  they 
concluded  it  was  not  a  factor  in  hypoxic  corneal  edema  in  rabbits 
nor  (probably)  in  human  corneal  swelling  as  a  result  of  hypoxia. 
They  noted  changes  in  the  epit  urn  do  occur  with  hypoxia  with 
these  changes  leading  to  hales,  glare,  and  visual  acuity  loss. 

They  did  not  believe  these  were  due  necessarily  to  epithelial 
edema,  however. 

Mandell  and  Farrell  (1980)  conducted  another  study  of  corneal 
swelling  at  low  atmospheric  oxygen  pressures.  Goggled  eyes  were 
exposed  to  pure  nitrogen  and  to  low  oxygen  mixtures  of  0.95 
percent,  2.34  percent,  and  2.77  percent.  Pachometry  measures  were 
made  through  the  goggles.  Corneal  swelling  was  regressed  against 
the  oxygen  percentage  and,  as  a  result,  a  zero  swelling  oxygen 
percentage  of  3.2  percent  was  determined. 

Larke,  Parrish,  and  Wigham  (1981)  studied  apparent  human 
corneal  oxygen  uptake  rate  using  a  micro-oxygen  sensor  applied  to 
the  unanesthetized  eye  for  approximately  40  seconds.  They  found 
wide  variation  among  68  subjects.  They  did  not  find  any  diurnal 
variation  occurred. 

Lambert  and  Klyce  (1981)  studied  the  origins  of  Sattler's  veil 
(increased  glare  and  halos  surrounding  bright  lights)  in  isolated 
rabbit  corneas.  Optical  techniques  indicated  hypexia  produced  a 
polygonal  mesh  of  light  scattering,  outlining  cells  in  the 
intermediate  and  basal  epithelium.  Optical  transformation  of  this 
mesh  produced  a  halo  of  the  same  dimensions  observed  in  Sattler's 
veil.  Prolonged  hypoxia  also  produced  an  increase  in  stromal  light 
scattering.  However,  no  consistent  changes  in  epithelial  thickness 
as  a  result  of  hypoxia  were  observed. 

Klyce  (1981)  used  rabbit  corneas  to  investigate  the  mechanisms 
underlying  hypoxic  corneal  edema.  He  deterrined  epithelial  hypoxia 
increased  production  of  epithelial  lactate  and  increased  its 
release  to  the  stroma.  This  stromal  lactate  accumulation  produces 
an  osmotic  imbalance  that  leads  to  hydration  and  edema. 


Wilson  and  Stevenson  (1981)  found  a  technique  where  subjects 
judged  the  brightness  of  halos  provided  a  much  more  reliable 
measure  of  recovery  from  hypoxic  stress  than  was  provided  by 
traditional  pachometry  measures  of  corneal  thickness.  Their 
results  indicated  corneal  swelling  was  an  insensitive  indicator  of 
the  hypoxic  and  osmotic  changes  in  the  epithelium  that  lead  to  halo 
formation. 

Weissman  and  Fatt  (1982)  studied  corneal  hydration  dynamics 
i  under  conditions  of  external  hypoxia.  Hypoxic  changes  in  metabolic 

pump  rate  at  either  or  both  correal  surfaces  were  viewed  as  the 
mechanism  underlying  corneal  swelling.  They  argued  the  slowed 
metabolic  pump  at  the  endothelial  side  of  the  cornea  must  be 
producing  the  bulk  of  the  effect,  even  though  the  epithelial  pump 
is  closer  to  the  hypoxic  stimulus. 

Weissman,  Fatt,  and  Horn  (1982)  studied  the  effects  of 
^thing  pure  oxygen  on  corneal  edema.  They  induced  corneal 
swelling  by  having  one  subject  wear  a  gas  impermeable  contact  lens 
for  150  minutes.  Corneal  swelling  reached  values  of  over  eight 
percent.  Another  subject  had  his  goggled  eye  exposed  to  pure 
nitrogen  for  a  similar  period  and  an  even  larger  swelling  occurred. 
Sharp  reductions  in  swelling  occurred  for  both  subjects  when  they 
breathed  pure  oxygen  at  normal  atmospheric  pressure,  even  though  no 
removal  of  the  external  source  of  corneal  hypoxia  occurred. 
Resumption  of  air  breathing  led  to  a  resumption  of  the  corneal 
swelling  for  both  subjects. 

Sarver,  Poise,  and  Baggett  (1983)  studied  individual  difference 
in  the  corneal  edema  response  to  hypoxia.  Three  hours  of  open  eyed 
wear  of  a  low-oxygen-transmission  lens  led  to  cornea  thickness 
changes  ranging  from  3.7  percent  to  12.2  percent  in  30  subjects. 

The  average  change  was  6.4  percent.  The  edema  response  to  the 
experimental  lens  was  correlated  highly  with  the  edema  response  to 
a  conventional  lens  (r«.79).  Subjects  with  higher  swelling  were 
more  apt  to  report  vertical  corneal  striae.  The  Schirmer  tear  test 
and  measures  of  tear  film  breakup  did  not  predict  these  large 
individual  differences  in  corneal  swelling. 

Stefansson,  Wolbarsht,  and  Landers  (1983a)  investigated  effects 
of  a  corneal  contact  lens  on  oxygen  tensions  in  the  aqueous  humor 
„  in  cats.  They  found  the  hypoxic  effect  of  placing  the  lens  on  the 

eye  led  to  increased  flow  of  oxygen  from  the  aqueous  to  meet  the 
metabolic  needs  of  the  cornea.  Large  decrements  in  aqueous  oxygen 
tension  occurred  of  20  mm  Hg  or  more.  Removal  of  the  contact  lens 
led  to  nearly  complete  recovery  of  aqueous  oxygen  tension.  This 
’  suggests  individual  differences  in  aqueous  humor  production  and/or 

flow  may  account  for  the  large  individual  differences  in  corneal 
swelling  associated  with  contact  lens  wear. 
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O'Neal.,  Poise,  and  Sarver  (1984)  measured  corneal  response  to 
rigid  and  hydrogel  lenses  during  eye  closure.  They  determined  an 
oxygen  tension  of  40  mm  Hg  was  necessary  to  prevent  hypoxic  corneal 
edema  in  the  eyes-closed  situation.  This  was  substantially  higher 
than  the  thresholds  determined  by  Poise  and  Mandell  (1970)  and 
Mandell  and  Farrell  (1980)  which  were  determined  by  exposing 
goggled  eyes  to  low-oxygen  mixtures.  They  suggested  the  difference 
may  result  from  increased  metabolic  activity  of  the  cornea  during 
contact  lens  wear  and  eye  closure. 

Castren  (1984)  investigated  the  effects  of  decompression  to  * 

4,000  meters  on  the  eyes  of  seven  subjects  who  wore  soft  contact 
lenses.  All  subjects  reported  at  least  mild  symptoms  after  3  hours 
of  decompression.  Most  subjects  reported  strong  symptoms  after  4 
hours  of  decompression.  Symptoms  apparently  were  visual  * 

disturbances,  tearing,  dryness,  "injection,"  and  smarting  of  the 
eyes.  Eye  examinations  showed  corneal  erosions  in  4  eyes  and 
opacities  of  correal  stroma  in  10  eyes. 

Holden,  Sweeney,  and  Sanderson  (1984)  provided  further  data  on 
the  minimum  precorneal  oxygen  tension  required  to  avoid  corneal 
edema.  Goggled  eyes  wore  exposed  to  air  and  low-oxygen  mixtures  of 
1.0,  2.5,  4.9,  7.5,  10.1,  and  21.4  percent  for  8  hours.  As  would 
be  expected,  swelling  was  related  inversely  to  the  percentage  of 
oxygen.  From  the  average  data  for  eight  subjects,  the  minimum 
percentage  of  oxygen  required  to  prevent  swelling  of  the  cornea  was 
determined  to  be  10. 1  percent.  This  corresponds  to  an  oxygen 
tension  of  74  mm  Hg  which  was  two  to  *,ix  times  the  tensions 
identified  in  earlier  research  (Poise  and  Mandell,  1970;  Mandell 
and  Farrell,  1980;  O'Neal,  Poise,  and  Sarver,  1984).  Large 
individual  variation  in  swelling  was  found  among  the  eight  subjects 
with  changes  in  corneal  thickness  ranging  from  2.1  to  7.4  percent 
for  the  1.0  percent  oxygen  mixture.  No  explanation  of  these 
individual  differences  was  attempted,  but  they  appeared  to  coincide 
with  clinical  observations  of  wide  individual  differences  in 
corneal  swelling  following  wearing  of  contact  lenses. 

Poise  and  O'Neal  (1985)  provided  oxygen  requirements  for 
extended  wear  contact  lenses.  In  order  to  prevent  corneal  swelling 
beyond  the  4.2  percent  that  occurs  in  the  closed  eye  without  a 
lens,  they  indicated  the  minimum  lens  oxygen  transmissibility  was 
approximately  75  X  10" 9  cm  ml  02/sec  ml  mm  Hg.  An  oxygen  tension 
of  40  mm  Hg  under  the  contact  lens  for  the  closed  eye  condition  was  * 
required  to  prevent  more  than  this  4.2  percent  swelling. 

Brennan  and  Girvin  (1985)  examined  the  performance  of  17 
aircrew  members  wearing  soft  contact  lenses  under  conditions  of  » 

hypoxia,  rapid  decompression,  pressure  breathing,  vibration, 
acceleration,  heat,  cold,  and  while  wearing  an  aircrew  respirator. 
Hypoxia  involved  spending  2  hours  in  a  decompression  chamber  at  an 
altitude  of  12,000  feet  while  breathing  air  and  2  hours  at  an 
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elevation  of  27,000  feet  while  breathing  oxygen.  The  eyes  were 
exposed  to  air  during  oxygen  breathing  at  27,000  feet. 

According  to  the  authors,  hypoxia  did  not  produce  any  important 
decrements  in  Snellen  acuity  or  contrast  sensitivity,  although  two 
subjects  showed  decreased  acuity  in  one  eye  at  12,000  feet  and  one 
subject  showed  a  reduction  of  acuity  in  both  eyes  at  27,000  feet. 
Exposure  to  12,000  feet  produced  "instances  of  minimal  increases  in 
flare  and  corneal  oedema,  but  these  are  also  considered  to  be 
without  significance  to  aircrew."  Rapid  decompression  produced 
minor  decrements  in  acuity  in  two  of  eight  subjects,  but  the  visual 
acuity  of  all  subjects  was  considered  to  be  satisfactory.  Slit 
lamp  examinations  revealed  no  bubble  formation  or  change  in 
transparency  of  the  lenses  or  the  cornea.  Pressure  breathing  also 
led  to  no  significant  change  in  visual  acuity  and  lenses  maintained 
a  stable  position. 

Only  expected  decrements  in  visual  performance  occurred  as  a 
result  of  vibration  and  acceleration.  Contact  lens  movements 
during  acceleration  occurred  for  some  subjects,  but  they  did  not 
interfere  with  vision.  Heat  and  cold  testing  produced  no 
significant  changes.  The  respirator  did  not  affect  acuity  or 
contrast  sensitivity,  but  flare  did  increase  a  small  amount  after 
it  was  worn  for  120  minutes.  The  authors  concluded  soft  contact 
lenses  are  acceptable  for  use  by  aircrews.  The  results  contrast 
with  those  of  Castren  (1984)  who  reported  numerous  problems 
associated  with  contact  lens  wear  during  prolonged  mild  hypoxia. 

The  contrasting  results  may  reflect  different  expectations  of  the 
investigators. 

O'Neal  and  Poise  (1985)  investigated  mechanisms  controlling 
corneal  hydration.  Hypoxia  was  used  to  induce  corneal  swelling  and 
recovery  was  studied  under  various  conditions  of  eye  closure  and 
humidity.  It  was  concluded  both  the  endothelial  pump  and 
evaporation  contributed  to  removal  of  excess  fluid  from  the  swollen 
cornea.  With  eyes  open,  evaporation  accounted  for  80  percent  of 
this  change.  O'Neal  and  Poise  (1986)  used  a  similar  methodology 
and  compared  younger  (average  age  -  26.7  years)  and  older  subjects 
(average  age  *  65.7  years)  on  recovery  from  hypoxia-induced  corneal 
swelling.  Data  indicated  slower  recovery  for  the  older  subjects  in 
both  the  eyes  open  condition  (3.0  vs.  2.5  hours)  and  the  eyes- 
closed  condition  (3.5  vs.  4.0  hours).  A  decrease  in  endothelial 
pump  function  of  10  percent  was  estimated  for  the  older  group 
compared  to  the  younger  subjects  tested  in  O'Neal  and  Poise  (1985). 

Kenyon,  Poise,  and  Sieger  (1986)  studied  the  influence  of 
wearing  schedule  of  extended  wear  contact  lenses  on  complications 
associated  with  such  extended  wear  over  a  9-month  period.  Lenses 
were  removed  either  every  4,  7,  14,  or  28  days  for  different 
groups.  Epithelial  roicrocysts  were  the  most  common  complication  of 
extended  wear  and  were  experienced  by  all  participants,  regardless 
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of  lens  removal  intervals.  On  the  other  hand,  daily  wear  subjects 
did  not  develop  the  microcysts  and  this  indicated  the  probable 
hypoxic  origin  of  the  microcysts. 


Weissman  (1986)  provided  a  summary  of  critical  corneal  oxygen 
values  that  are  required  to  minimize  hypoxic  corneal  swelling  for 
open  eye  and  closed  eye  conditions.  A  critical  precorneal  oxygen 
tension  of  30  mm  Hg  was  identified  for  dally  wear  lenses.  This 
required  a  lens  oxygen  transmissibi lity  of  16  X  10”9  cm  ml  02/sec 
ml  mm  Hg.  Projections  of  these  figures  to  the  extended  wear 
condition  also  were  provided. 


Conclusions  and  research  needs 

Corneal  swelling  is  a  reliable  consequence  of  low  oxygen 
tensions.  Entoptic  striae  are  another  consequence  if  the  swelling 
reaches  fairly  high  levels,  although  these  striae  do  not  appear  to 
provide  a  major  detriment  to  visual  performance.  Epithelial 
microcysts  appear  to  be  another  consequence  of  hypoxia  associated 
with  contact  lens  wear  when  the  hypoxia  exists  for  several  days. 
Given  the  revisions  that  have  occurred  over  two  decades  of 
research/  the  last  word  is  probably  not  in  on  the  minimum  oxygen 
requirement  that  will  prevent  corneal  edema  and  other  problems. 

Large  individual  differences  in  corneal  swelling  associated 
with  contact  lens  wear  have  been  found  in  a  number  of  studies 
(e.g. ,  Holden,  Sweeney,  and  Sanderson,  1984) .  Stefansson, 
Wolbarsht,  and  Landers  (1983a)  showed  the  aqueous  humor  supplies  an 
abnormal  amount  of  oxygen  to  the  hypoxic  cornea  compared  to  the 
normal  cornea.  This  suggests  individual  differences  in  aqueous 
humor  production  and/or  flow  may  account  for  individual  differences 
in  corneal  swelling  associated  with  contact  lens  wear,  one  might 
predict  aerobically  fit  individuals  would  have  higher  than  normal 
aqueous  oxygen  levels.  Smokers  with  their  COHb-reduced  blood 
oxygen  saturations  may  have  lower-than-normal  aqueous  oxygen 
levels.  Research  on  the  large  individual  differences  in  corneal 
edema  would  appear  worthwhile,  since  they  might  suggest  prophylaxes 
that  would  reduce  or  prevent  the  problem. 
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Chapter  2  0 

Oxygen,  tpxicj.  tv 


In  perhaps  the  first  study  indicating  the  potential  toxic 
effects  of  high  oxygen  tensions  on  the  human  visual  system,  Behnke, 
Forbes,  and  Motley  (1935)  studied  circulatory  and  visual  effects  of 
oxygen  at  three  atmospheres  pressure  in  four  "healthy  young  men." 
Subjects  breathed  pure  oxygen  via  a  mask  or  helmet  in  a  large 
pressure  chamber  at  a  pressure  of  three  atmospheres  for  a  period  of 
at  least  3.5  hours  and  up  to  4  hours.  Measurements  included  visual 
acuity  and  area  of  the  visual  field.  Over  the  first  3  hours  of 
oxygen  breathing  at  three  atmospheres  pressure,  pupils  were  dilated 
and  visual  acuity  decreased  by  up  to  25  percent.  During  the  fourth 
hour,  contraction  of  the  visual  fields  began.  Contractions  ranged 
for  different  subjects  from  one-half  the  initial  area  to  as  much  as 
the  10-degree  circle  of  the  perimeter  chart.  Recovery  following 
exposure  to  air  took  50  minutes  in  one  extreme  contraction.  In  one 
session,  the  field  contraction  suggested  left  temporal  hemianopsia 
and  the  right  pupil  was  dilated  to  a  greater  degree  than  the  left. 
Central  vision  for  form  and  color  was  impaired,  but  not  seriously 
until  the  period  of  impending  collapse.  Visual  acuity  was  reduced 
as  much  as  60  percent  or  even  temporarily  lost  at  impending 
collapse.  Color  acuity  also  typically  was  lost  at  impending 
collapse.  Two  examinations  of  retinal  vessels  indicated  no  retinal 
ischemia  or  constriction  of  vessels  although  subsequent  research 
using  photographic  techniques  has  found  constriction  with 
hyperbaric  oxygen  (e.g.,  Anderson,  Saltzman,  and  Frayser,  1967).  A 
feeling  of  alertness  and  stimulation  accompanied  recovery. 

Breathing  oxygen  under  pressure  increased  blood  pressure,  heart 
rate,  and  pupil  size  and  this  indicated  a  stimulation  of  the 
autonomic  nervous  system. 

Comroe  et  al.  (1945)  found  23  percent  of  their  subjects  who 
breathed  near  100  percent  oxygen  for  24  hours  experienced 
irritation  of  the  conjunctiva.  However,  10  percent  of  a  control 
group  breathing  air  through  the  mask  also  experienced  this 
condition  and  it  partly  may  have  reflected  the  mask  which  conducted 
inspired  air  directly  over  the  eyes. 

Noell  (1962)  showed  pure  oxygen  at  normal  pressure,  but 
especially  at  elevated  pressures,  had  devastating  effects  on  the 
rabbit  retina.  Rod  cells  were  destroyed  as  a  result  of  a  few  hours 
of  hyperbaric  oxygen  and  a  day  of  pure  oxygen.  The 
electroretinograra  declined  gradually  to  zero  as  this  process 
occurred.  Exposure  to  air  at  any  point  in  this  process  typically 
led  only  to  incomplete  recovery.  Fortunately,  a  number  of  studies 
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discussed  in  this  chapter  indicate  human  eyes  are  much  less 
susceptible  than  rabbit  eyes  to  hyperoxia. 

Beehler  et  al.  (1963)  exposed  10  dogs  to  90  to  100  percent 
oxygen  at  normal  atmospheric  pressure  for  an  average  of  72  hours. 

All  dogs  died  at  the  time  of  removal  from  the  chamber  or  shortly 
thereafter  from  pulmonary  complications.  Five  of  the  animals 
showed  gross  eye  lesions  which  included  bilateral  retinal 
detachments,  conjunctival  edema,  corneal  haze,  and  anterior-chamber 
hemorrhage.  These  findings  were  confirmed  by  histology  and  a  heavy  y 
lymphatic  infiltrate  was  noted  just  under  the  squamous  epithelium 
in  sections  from  the  conjunctiva  with  edema.  Daily  examination 
occurred  for  another  group  of  six  dogs  exposed  to  the  same  oxygen 
levels,  and  this  examination  provided  the  dogs  with  a  1-  to  2-hour 
period  of  room  air  breathing.  Five  of  these  animals  showed  r 

significant  eye  changes,  including  the  three  who  survived.  These 
were  bilateral  retinal  detachments,  conjunctival  edema,  hypotony, 
and  dilated  fixed  pupils.  The  detachments  noted  did  not  seem  to  be 
associated  with  the  tapetum  which  is  present  in  the  superior  half 
of  the  dog's  retina,  between  the  retina  and  the  choroid.  The 
authors  were  unsure  whether  the  findings  would  generalize  to  human 
eyes,  but  the  possibility  of  human  eye  damage  as  a  result  of 
extended  hyperoxia  was  emphasized. 

Like  Noell  (1962),  Bridges  (1966)  also  assessed  electro- 
retinographic  changes  of  rabbits  during  hyperoxia  (pure  oxygen 
administered  at  pressures  of  2.5,  3,  4,  5,  6,  and  7  atmospheres). 

ERG  b-waves  and  a-waves  were  abolished  following  exposure  to  three 
atmospheres  of  pure  oxygen  and  following  exposure  to  all  pressures 
above  three  atmospheres.  An  atmosphere  2.5  times  normal  greatly 
reduced  the  a-wave,  but  did  not  abolish  it  at  5  hours  of  exposure. 
However,  this  hyperoxic  condition  did  abolish  the  b-wave  at  about 
3 . 5  hours . 

Bridges  (1966)  found  abolishment  of  the  a-wave  occurred  in  less 
than  2  hours  and  the  b-wave  was  abolished  in  less  than  an  hour  with 
a  pressure  of  seven  atmospheres.  The  a-wave  always  survived  longer 
than  the  b-wave  with  the  ratio  of  a-wave  to  b-wave  survival  times 
increasing  with  the  atmospheric  pressure.  Paradoxically,  early 
exposure  to  hyperoxia  increased  the  magnitude  of  both  these  waves 
over  those  obtained  at  atmospheric  pressure.  These  peak  responses 
were  reached  rapidly  with  seven  atmospheres  pressure  and  more 
slowly  for  lower  pressures.  Peak  response  latencies  were  similar 
for  the  two  waves.  The  author  noted  the  electroretinographic 
changes  were  similar  to  those  resulting  from  poisoning  the 
respiratory  metabolic  pathway. 

♦ 

Rosenberg,  Shibata,  and  Maclean  (1966),  found  inhalation  of 
oxygen  at  three  atmospheres  produced  constriction  of  the  visual 
fields  in  two  of  seven  human  subjects.  Little  discussion  of  these 
defects  occurred,  but  the  field  reductions  were  accompanied  by 
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lights  that  "appeared  too  bright"  and  a  distortion  in  the 
appearance  of  objects.  Vision  returned  in  both  cases  to  normal  40 
minutes  after  the  experiment.  Hypocapnia  occurred  in  five  of  the 
six  subjects  for  whom  blood  samples  were  obtained.  Arterial  C02 
tension  began  to  decrease  during  the  first  5  minutes  of  oxygen 
breathing  and  continued  until  it  reached  35  mm  Hg  after  about  90 
minutes  and  remained  at  that  level  for  the  3  hours  of  exposure  to 
hyperbaric  oxygenation.  Convulsions  were  not  experienced  as  a 
result  of  the  3-hour  exposure. 

Margolis  and  Brown  (1966)  assessed  the  effects  on  the  dog  eye 
of  exposure  for  up  to  more  than  4  hours  to  100  percent  oxygen  at  a 
pressure  of  three  atmospheres.  Approximately  a  dozen  dogs  were 
exposed  for  240  minutes  or  more  and  another  85  dogs  exposed  for 
shorter  periods.  Individual  dogs  were  placed  without  restraint  in 
a  -~m3  chamber  and  exposed  to  100  percent  oxygen  at  30  lb/in2  gauge 
pressure,  equivalent  to  approximately  three  atmospheres  of  absolute 
pressure.  Animals  were  observed  for  6  to  23  days  for  the  presence 
of  neurologic  impairment,  then  killed  to  study  their  nervous 
systems . 

The  only  change  attributable  to  oxygen  toxicity  was  a 
characteristic  retinal  lesion  consisting  of  a  segmental 
degeneration  of  axons  in  the  nerve-fiber  layer  of  the  retina  in  the 
region  encompassing  and  surrounding  the  optic-nerve  head.  The 
lesion  was  not  present  in  two  dogs  exposed  for  210  and  225  minutes 
nor  in  83  dogs  exposed  for  shorter  perioc  •.  of  hyperbaric 
oxygenation  ranging  from  45  to  120  minutes.  Increased  vascular 
resistance  appears  to  be  a  factor  in  the  production  of  this  lesion, 
since  adding  two  percent  C02  to  the  hyperbaric  oxygen  mixture 
shifted  the  locus  of  toxic  action  from  the  eye  to  the  CNS  with 
increased  production  of  convulsive  responses. 

Nichols  and  Lambertsen  (1969)  provided  a  review  of  the  effects 
of  high  oxygen  pressures  on  the  eye  that  included  discussion  of 
unpublished  data  indicating  retinal  detachment  in  dogs  exposed  to 
pure  oxygen  at  one  atmosphere  for  up  to  50  hours.  They  also 
included  an  extensive  discussion  of  retrolental  fibroplasia,  the 
pathologic  effect  of  hyperoxygenation  that  occurs  in  premature 
infants  exposed  to  high  oxygen  levels. 

Nichols,  Lambertsen,  and  Clark  (1969)  reported  a  case  of 
transient  unilateral  loss  of  vision  associated  with  oxygen  at  high 
pressure.  The  subject  had  a  history  of  retrobulbar  neuritis  and 
this  apparently  was  a  factor  in  the  near  total  loss  of  vision  in 
one  eye  following  4  hours  of  breathing  pure  oxygen  at  two 
atmospheres  pressure.  Another  possible  factor  was  an  acute  effect 
of  oxygen  on  enzymes  or  nutrient  flow  that  interfered  with  function 
of  neuronal  elements.  The  authors  warned  of  the  importance  of 
screening  for  possible  visual  problems  prior  to  selecting  patients 
for  hyperbaric  oxygen  treatment  of  nonocular  problems. 
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Nichols  et  al.  (1972)  reported  4  to  8  hours  of  exposure  to 
oxygen  at  three  atmospheres  pressure  produced  flattening  of  the 
corneal  endothelium  and  pyknosis  and  nuclear  loss  in  lens 
epithelium  of  guinea  pigs.  Retinal  swelling  was  noted,  but  animals 
died  or  were  sacrificed  before  the  several  days  that  probably  would 
have  been  required  to  observe  any  destruction  of  visual  cells  as 
Noell  (1962)  noted  in  rabbits. 

Schocket  et  al.  (1972)  found  exposure  to  hyperbaric  oxygen 
induced  cataracts  in  mice.  Groups  of  mice  were  exposed  to 
hyperbaric  oxygen  at  three  atmospheres,  pure  oxygen  at  one 
atmosphere  of  pressure,  and  air.  Exposures  were  twice  weekly  for  2 
to  3  hours  over  a  2-week  period.  Of  50  surviving  mice  from  the  100 
receiving  hyperbaric  oxygen  exposures,  26  developed  cataracts  by  8 
months  following  exposure.  This  compared  to  5  of  38  for  the  pure 
oxygen  group  and  1  of  47  for  the  air  group.  Vacuolization  was 
found  in  the  lens  cortex  of  the  rats  receiving  hyperbaric  and  pure 
oxygen,  but  not  in  the  air  group.  The  group  receiving  hyperbaric 
oxygen  also  had  degeneration  of  the  lens  epithelium  and  lens  fiber 
disorganization . 

Beehler,  Kobayashi,  and  Murakami  (1972)  reported  the  case  of  a 
man  who  was  maintained  on  a  respirator  with  80  percent  oxygen  for 
150  days  and  who  became  blind  in  both  eyes  at  that  time.  When 
placed  on  a  lower  oxygen  schedule,  a  slight  increase  in  sight 
occurred  for  one  eye,  but  the  defect  largely  was  irreversible. 
Retinal  circulatory  arrest  as  a  result  of  oxygen-induced 
constriction  of  the  retinal  artery  was  seen  as  the  cause  of  this 
blindness. 

Kinney,  McKay,  and  Gordon  (1977)  used  fluorescein  angiography 
in  an  exploratory  study  of  oxygen  toxicity  in  three  adult  squirrel 
monkeys  who  spent  50,  75,  and  117  hours,  respectively,  in  a  nearly 
pure  oxygen  environment.  The  animal  exposed  for  50  hours  showed  no 
leakages  or  choroidal  hemorrhages  of  the  choroid  blood  vessels  of 
either  eye  nor  were  any  other  problems  seen.  The  animal  with  75 
hours  of  exposure  showed  subretinal  leakages  in  both  eyes. 

However,  this  condition  corrected  itself  in  normal  air  and 
angiograms  taken  5  and  8  days  after  exposure  were  completely 
normal.  The  monkey  with  117  hours  of  exposure  did  not  show 
leakages  in  either  eye,  but  evidence  of  leakage  was  found  in  the 
angiograms  during  testing  3,  6,  16,  and  19  days  after  exposure. 

This  animal  showed  "bilateral  disciform  macular  elevations  which 
contained  yellowish  subretinal  exudates."  On  the  other  hand, 
histopathologic  examination  on  the  20th  day  following  exposure 
indicated  no  abnormalities  of  the  eyes  related  to  the  hyperoxic 
exposure.  These  authors  referred  to  their  oxygen  exposure  as 
hyperbaric  oxygen,  however,  the  pure  oxygen  apparently  always  v/as 
breathed  at  normal  ground  level  pressure. 


Ray  and  Hawgood  (1977)  investigated  the  effects  of  hyperbaric 
oxygenation  at  up  to. seven  atmospheres  pressure  on  the  ERG  and  the 
visual-evoked-response  (VER)  of  the  rat.  Both  a-  and  b-waves 
declined  after  about  1  hour  of  exposure  and  this  was  followed  by  a 
sharp  rise  in  both  which  was  interpreted  as  the  result  of  a 
probable  loss  of  the  negative  feedback  elements  that  normally 
inhibit  retinal  responses.  Effects  of  hyperoxia  on  respiration 
also  were  studied  and  sharp  declines  in  respiratory  rate  and  blood 
pressure  typically  preceded  any  drops  in  the  ERG.  Respiratory 
failure  was  seen  as  the  mediator  of  the  ERG  and  VER  changes  that 
occurred  in  hyperoxia  and  these  changes  were  not  seen  as  resulting 
from  a  direct  influence  of  oxygen  on  the  visual  system  as  has  been 
claimed  for  hyperoxia  effects  on  the  ERG  of  the  rabbit  (e.g., 

Noell,  1962) . 

Plewes  and  Farhi  (1983)  studied  peripheral  circulatory 
responses  to  acute  hyperoxia  in  seven  anesthetized  dogs.  Pure 
oxygen  at  atmospheric  pressure  was  administered  and  blood  flow  at 
various  organs  was  measured.  Cardiac  output  decreased  by  14 
percent.  Renal  blood  flow  dropped  a  significant  20  percent.  Other 
intra-abdominal  organs  did  not  show  changes  in  blood  flow.  No 
changes  were  noted  in  skeletal  muscle.  Total  cerebral  blood  flow 
did  not  change  significantly,  although  there  were  significant 
decreases  to  caudate  nucleus  (-12  percent) ,  cerebellum  (-15 
percent),  mesencephalon  (-20  percent),  vermis  (-11  percent), 
hippocampus  (-15  percent),  and  retina  (-27  percent) .  This  large 
change  for  the  retina  shows  the  unusual  constriction  of  retinal 
vessels  to  oxygen  that  was  noted  by  Dollery  et  al.  (1964)  and 
others  and  which  may  lead  to  ocular  lesions  normally  associated 
with  hypoxia. 

Palmquist,  Philipson,  and  Barr  (1984)  studied  refractive 
changes  and  lens  changes  in  25  generally  older  (mean  age  -  65.5,  SD 
•  15.9)  patients  being  treated  with  100  percent  oxygen  at  2  to  2.5 
times  the  normal  atmospheric  pressure  for  persistent  leg  ulcers.  A 
control  group  consisted  of  other  patients  on  the  waiting  list  for 
hypobaric  treatment.  Visual  acuity  was  assessed  and  biomicroscopic 
lens  examination  occurred  after  each  100  hyperbaric  oxygen 
treatments.  The  treatment  consisted  of  1  hour  of  exposure  to 
hyperbaric  oxygen  and  typically  occurred  twice  daily,  7  days  a 
week.  A  myopic  shift  showed  of  at  least  1  diopter  was  found  in  24 
of  25  patients  with  both  eyes  equally  affected  and  this  was 
discussed  earlier  in  this  report.  Nuclear  cataracts  developed  in  7 
of  the  15  patients  who  had  clear  lens  nuclei  before  treatment.  No 
nuclear  cataracts  developed  among  the  12  patients  in  the  reference 
group  who  had  clear  nuclei. 

Palmquist,  Fagerholm,  and  Philipson  (1986)  provided  additional 
information  about  the  nuclear  vacuoles  that  resulted  from 
hyperDaric  oxygen  treatments.  They  pointed  out  the  erroneous 
belief  that  opacities  of  the  lens  nucleus  always  were  congenital 
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defects.  Their  investigations  disclosed  relatively  transparent 
vacuoles  in  the  nucleus  of  similar  appearance  as  cortical  vacuoles. 
Nuclear  vacuoles  were  found  in  11  out  of  25  patients  treated  with 
hyperbaric  oxygen.  These  vacuoles  induced  by  hyperbaric  oxygen 
were  reversible  to  some  extent.  Slit-lamp  photography  and 
quantitative  microradiography  showed  the  vacuoles  appeared  as  dark 
rounded  areas  with  a  lower  dry  mass  content  (approximately  0.30  g  X 
cm-3)  than  the  surroundings  (approximately  0.50  g  X  cm-3) .  There 
was  no  discussion  of  how  these  vacuoles  were  related  to  the  myopia 
produced  by  hyperbaric  oxygenation,  but  presumably  they  were,  and 
this  gradually  increasing  myopia  may  be  an  indicator  of  the  toxic 
effects  of  hyperbaric  oxygen  on  the  lens. 

Bitterman,  Melamed,  and  Perlman  (1986)  looked  at  the  effects  of 
hyperbaric  oxygen  on  CNS  function  in  rats.  Although  they  did  not 
look  at  the  effects  of  hyperbaric  oxygen  on  the  eye,  they  found  \ 
strong  relationship  between  the  onset  of  EEG  activity  associated 
with  seizures  and  the  ambient  illumination.  Somewhat  reduced  (but 
still  hyperbaric)  oxygen  pressures  that  did  not  induce  the  EEG 
seizure  activity  in  light,  did  induce  seizure  activity  in  darkness. 
Every  oxygen  pressure  that  produced  seizure  activity  led  to  the 
activity  sooner  in  darkness  than  in  light.  Higher  light  levels 
increased  the  latency  of  these  "oo.wuls.tons, "  with  the  relationship 
strongest  at  the  highest  ambient  levels.  Rats  who  previously 
suffered  severe  retinal  damage  ua  a  result  of  a  24-hour  exposure  to 
a  very  bright  light  shewed  a  similar  latency  of  convulsions  in 
light  as  was  found  for  rats  with  normal  vision  in  darkness. 

C02  increases  the  size  of  retinal  and  brain  blood  vessels  and 
also  increases  the  probability  of  convulsions  during  hyperbaric 
oxygenation.  Light  reduces  the  requirements  of  the  retina  for 
oxygen  and  reduced  retinal  illumination  increases  oxygen 
requirements.  The  dark  conditions  probably  stimulated  oxygen 
consumption  in  these  rats'  retinas  and  may  have  led  to  a  reduction 
of  retinal  vasoconstriction  or  even  to  vasodilation.  It  is 
possible  this  relative  or  actual  vasodilation  of  the  retina  somehow 
carried  over  to  the  brain  and  this  caused  the  increased  probability 
of  convulsions  during  darkness  in  rats  found  by  Bitterman,  Melamed, 
and  Perlman  (1986). 


Conclusions  and  research  needs 

The  toxic  effects  of  oxygen  at  high  tensions  take  a  number  of 
forms  and  affect  several  ocular  systems.  Humans  are  far  less 
susceptible  than  rabbits  which  become  blind  with  exposure  to  pure 
oxygen  at  normal  atmospheric  pressure  for  relatively  brief  periods. 
Ironically,  some  of  the  toxic  effects  of  hyperbaric  oxygenation 
appear  to  be  almost  identical  to  the  toxic  effects  of  severe 
hypoxia.  The  reason  for  this  appears  to  be  the  constriction  of 
retinal  vessels  in  response  to  the  high-oxyge-n  tensions  is  so 


severe  that  retinal  tissue  becomes  deprived  of  oxygen,  despite  the 
high  levels  of  oxygen  that  go  into  solution  in  the  plasma  of  the 
blood.  The  insidious  development  of  myopia  with  repeated 
hyperbaric  oxygenation  that  recently  has  been  reported  appears  to 
reflect  development  of  small  cataracts  and  this  cataract  problem 
may  be  much  more  serious  than  the  refractive  change. 

Dozens  of  different  studies  have  looked  at  the  effects  of 
hyperbaric  oxygenation  on  visual  or  ocular  processes  with  human 
subjects  over  the  years.  Almost  always  these  humans  appear  to  have 
tolerated  the  hyperbaric  oxygenation  without  problems,  although 
convulsions  and  collapse  were  common  in  early  research  that 
explored  the  effects  of  extended  exposures.  However,  the  recent 
findings  of  Palmquist  and  his  colleagues  suggest  the  incidence  of 
cataracts  may  have  increased  for  these  men  and  women  who 
experienced  hyperbaric  oxygenation,  either  as  experimental  subjects 
or  as  patients. 

The  cataracts  and  ischemic  changes  (including  blindness)  in 
humans,  and  even  the  results  of  research  on  animals  that  showed 
retinal  degeneration  (rabbits)  and  detachment  (dogs)  all  indicate 
research  on  the  effects  of  hyperbaric  oxygenation  on  vision  or 
ocular  systems  may  involve  risks  to  human  subjects.  These  risks 
must  be  weighed  carefully  in  the  decision  to  proceed.  A  history  of 
retrobulbar  neuritis  appeared  to  be  a  factor  in  blindness  that 
developed  in  one  hyperbaric  oxygen  patient  and  this  suggests  that 
subjects  selected  for  hyperbaric  oxygenation  research  should  be  as 
free  of  ocular  pathology  as  possible. 

One  solution  to  the  research  problem  may  be  to  use  patients  who 
are  undergoing  treatment  with  hyperbaric  oxygenation.  Although 
hyperbaric  oxygenation  has  been  described  by  Gabb  and  Robin  (1987) 
as  "a  therapy  in  search  of  a  disease,"  patients  undoubtedly  will 
continue  to  be  selected  for  this  treatment,  despite  the  disturbing 
lack  of  results  showing  its  effectiveness.  Such  patients  typically 
have  little  to  do  while  they  are  being  oxygenated  and  they  may  be 
available  and  willing  to  report  on  their  flicker  and  fusion 
thresholds  or  some  other  theoretically  important  dependent  variable 
while  they  are  in  the  chamber. 

Given  the  potential  dangers  to  the  eye  and  vision  of  hyperbaric 
oxygenation,  additional  research  on  changes  in  vision  or  ocular 
structures  of  patients  undergoing  hyperbaric  oxygenation  would 
appear  to  be  of  immense  value.  The  long-term  consequences  of 
developing  lens-nucleus  vacuoles  such  as  those  described  by 
Palmquist  and  his  associates  would  appear  to  be  of  particular 
importance.  Hopefully,  full-blown  cataracts  are  not  the  outcome. 


Chapter  21 


Summary  and  integration  of  needed  research 


There  are  a  number  of  general  areas  of  vision  and  ocular 
function  that  need  research  on  hypoxia  and  related  respiratory 
effects.  There  also  are  a  number  of  visual  performances  that  have 
been  largely  or  totally  ignored  in  research  on  the  effects  of 
hyperoxia,  hypocapnia ,  hypercapnia,  and/or  hemic  (CO)  hypoxia.  The 
bulk  of  this  chapter  will  discuss  these  general  research  needs  and 
research  gaps.  The  initial  section  in  this  chapter  deals  with  four 
critical  experiments  which  were  identified  as  providing  key 
information  to  confirm  or  d.isconfirm  theoretical  predictions  about 
the  effects  of  hypoxia  and  related  respiratory  conditions  on  the 
eye  and  vision.  These  critical  experiments  also  would  provide 
important  methodological  information  that  would  bear  directly  on 
research  methods  used  to  tackle  other  research  questions. 


Critical  experiments  related  to  hypoxia  effects  on  vision 

One  critical  experiment  would  be  a  replication  with  appropriate 
controls  of  the  Berger  et  al.  (1943)  critical  experiment  on  the 
effects  of  hypoxia  on  resolution  and  fusion  of  a  pair  of  adjacent 
bright  dots  where  the  clear  prediction  is  for  an  improvement  in 
resolution  with  hypoxia  compared  to  performance  in  normal  air  or 
higher-than-normal  oxygen  tensions.*  One  of  four  subjects  in  the 
Berger  et  al.  study  showed  the  predicted  improvement  and  this 
result  apparently  showed  the  important  similarity  between  hypoxia 
decrements  in  visual  sensitivity  and  decrements  in  visual  perfor¬ 
mance  associated  with  reduced  luminance.  However,  the  researchers 
failed  to  accept  the  significance  of  this  "majority  of  one." 

The  research  also  is  important  because  it  should  help  identify 
the  factors  associated  with  hypoxia  that,  for  three  of  four 
subjects,  reduced  visual  resolution  more  than  the  hypoxic  decrease 
in  effective  luminance  increased  resolution.  They  used  a  large 


1  Resolution  of  separate  bright  dots  is  improved  for  lower 
compared  to  higher  luminance  levels  of  the  dots.  This  predic¬ 
tion  of  improved  resolution  during  hypoxia  was  derived  from  the 
hypothesis  that  hypoxia  effects  on  vision  are  comparable  to 
effects  of  reductions  in  target  luminance.  This  hypothesis 
provided  an  excellent  explanation  of  contrast  sensitivity  and 
acuity  decrements  with  hypoxia. 
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three-mm  artificial  pupil  and  pupil  dilations  with  hypoxia  (and 
increased  spherical  aberration)  are  one  possible  explanation  of  the 
decrement  in  resolution  of  dot  separation.  An  artificial  pupil  or 
Maxwellian  view  smaller  than  the  pupil  used  in  the  Berger  et  al. 
research  should  control  for  these.  Refractive  changes  in  the  eye 
with  hypoxia  are  an  even  more  likely  basis  for  the  hypoxic  decre¬ 
ments  in  resolution,  since  a  three-mm  pupil  would  not  greatly 
reduce  the  depth  of  field.  Frequent  correction  of  refraction 
changes  during  hypoxic  testing  might  solve  this  problem.  Another 
solution  would  be  to  use  a  Badal  optometer  and  present  the  resolu¬ 
tion  targets  at  several  different  optical  distances.  This  would 
prevent  the  small,  but  possibly,  significant  changes  in  retinal 
image  size  that  would  be  associated  with  spherical  correction  in 
the  spectacle  plane. 

The  second  critical  experiment  would  be  designed  to  identify 
whether  or  not  hypoxia  decrements  in  the  CFF  are  related  directly 
tc  stimulus  size  in  the  same  way  that  increments  caused  by  hyper¬ 
ventilation  in  the  CFF  were  related  directly  to  stimulus  size 
(Granger  and  Ikeda,  1961) .  If  so,  it  would  help  identify  the  bases 
of  hypoxic  changes  even  as  Granger  and  Ikeda  shed  light  on  retinal- 
integration  bases  of  hypocapnic  improvements  in  CFF.  This  experi¬ 
ment  also  would  serve  the  important  methodological  function  of 
providing  information  about  the  CFF  target  size  that  maximizes 
hypoxia  effects  and  this  would  be  useful  for  increasing  sensitivity 
of  experiments  used  to  identify  individual  differences  in  effects 
of  hypoxia  on  the  CFF,  interactions  of  hypoxia  with  luminance 
levels  of  CFF  stimuli,  etc.  The  unusually  large  effects  of  CO  on 
CFF  found  by  Seppanen,  Hakkinen,  and  Tenkku  (1977)  may  have  been 
related  to  their  unusually  large  CFF  stimulus. 

The  third  critical  experiment  is  related  closely  to  the  second 
experiment  on  the  interaction  of  size  of  the  CFF  stimulus  and 
hypoxia  effects  and  easily  could  be  combined  with  it.  This 
experiment  would  determine  if  hypoxic  and  hypercapnic  decrements  in 
the  CFF  would  be  comparable  to  the  decrements  in  the  CFF  produced 
by  a  decrease  in  target  luminance.  It  was  found  contrast  sen¬ 
sitivity  changes  during  hypoxia  and  acuity  changes  during  hypoxia 
mimicked  the  changes  produced  by  reducing  target  luminance. 

However,  such  shifts  of  CFF  data  on  the  luminance  axis  could  not 
account  for  the  hyperventilation  increments  in  the  CFF  in  the 
Granger  and  Ikeda  research.  Instead,  Granger  and  Ikeda  found 
hyperventilation  improved  CFF  by  a  constant  amount  for  all  lumi¬ 
nance  levels,  including  low  luminance  levels  where  CFF  was  related 
directly  to  luminance,  higher  levels  of  CFF  target  luminance  that 
caused  a  leveling  off  of  the  CFF,  and  highest  luminance  levels  that 
actually  led  to  a  drop  in  the  CFF.  If  hypoxic  (and  hypercapnic) 
decrements  in  CFF  parallelled  the  hyperventilation  increments,  with 
the  drops  in  CFF  at  high  luminance  levels  similar  to  drops  in  CFF 
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at  lower  target  luminance  levels,  this  would  indicate  an  important 
basic  difference  between  hypoxic  decrements  in  absolute  sensitivity 
and  hypoxic  decrements  in  flicker  sensitivity. 

The  fourth  critical  experiment  relates  to  the  finding  that 
metabolic  requirements  of  the  retina  determine  vasodilation  (Hickam 
and  Frayser,  1966)  and  to  the  finding  that  darkness  increases 
metabolic  requirements  of  the  retina  (Stefansson,  Wolbarsht,  and 
landers,  1983b;  Linsenmeier,  1986) .  As  a  result,  retinal  vasodil¬ 
ation,  retinal  blood  flow,  retinal  blood  volume,  and  intraocular 
pressure  (IOP)  would  be  expected  to  be  greater  in  darkness  than  in 
light.  Research  using  retinal  photography  during  moderate  hypoxia 
should  show  more  retinal  vasodilation  in  darkness  than  in  light. 

If  measures  of  other  circulation-related  variables  such  as  blood 
flow,  blood  volume,  and  IOP  were  included  in  this  research,  these  * 

measures  also  would  be  expected  to  show  increases  in  the  dark.  The 
expected  finding  is  that  for  a  given  low  oxygen  tension,  hypoxia  is 
"greater"  with  lower  than  with  higher  retinal  illumination.  If 
results  met  these  expectations,  it  would  imply  retinal  illumination 
must  be  taken  into  consideration  in  specifying  the  effective  level 
of  hypoxia  in  research  and  in  operations  involving  low  oxygen 
tensions.  Extensive  research  with  multiple  levels  of  retinal 
illumination  and  multiple  hypoxia  levels  could  quantify  the 
contribution  of  illumination  to  degree  of  hypoxia. 

If  an  effective  hypoxia  existed  during  air  breathing  in  a  dark 
environment  (because  of  the  increased  oxygen  requirements  in 
darkness) ,  retinal  vasodilation  and  increased  blood  volume  would  be 
expected  as  a  means  to  compensate  for  this  "night  hypoxia."  As 
will  be  discussed  in  the  next  section,  these  blood  volume  increases 
would  produce  IOP  increases  that  might  cause  anterior  chamber 
shallowing  (Mapstone,  1981)  because  of  a  forward  displacement  of 
the  lens.  Refraction  of  the  eye  would  be  expected  to  increase  as  a 
result  of  the  increased  distance  from  the  lens  to  the  retina.  This 
might  provide  the  explanation  of  night  myopia.  A  replication  of 
this  fourth  experiment  with  normal  air  instead  of  mode- ate  hypoxia, 
with  the  inclusion  of  ultrasound  measures  of  lens-retina  and  lens- 
cornea  distances,  and  with  concurrent  measures  of  refraction  (in 
the  other  eye)  might  put  an  end  to  speculation  about  this  phenomen¬ 
on.  Further  support  for  this  hypoxia  explanation  of  night  myopia 
would  be  derived  if  night  myopia  were  reduced  or  absent  during 
breathing  of  higher  than  normal  oxygen  concentrations. 


Research  on  hypoxic  eye  changes  that  influence  vision 

This  section  discusses  probable  pressure-related  ocular  changes 
caused  by  hypoxia  or  by  associated  respiratory  conditions  such  as 
hypocapnia.  These  changes  would  be  expected  to  produce  significant 
changes  in  performance  on  a  range  of  visual  activities  and  tasks. 
Some  of  these  hypotheses  already  have  been  mentioned  in  Chapter  12: 
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"Ocular  vessels  and  blood  flow,"  in  Chapter  13:  "Intraocular 
pressure,"  and  in  other  chapters,  which  dealt  with  the 
pupil, accommodation/refraction,  and  phoria.  This  section  will 
attempt  a  fuller  integration  of  these  ideas  and  identify  initial 
experiments  to  assess  these  hypotheses. 

This  needed  research  would  cover  at  least  the  following 
efforts: 

1.  Concurrent  measures  of  vitreous  pressure  and 

aqueous  pressure  during  hypoxia,  hypo¬ 
capnia,  hyperoxia,  and  hypercapnia. 

2.  Anterior  chamber  depth  and  hypoxia,  hypo¬ 

capnia,  hyperoxia,  and  hypercapnia. 

3.  Axial  length  and  lens-to-retina  distances  as 

a  function  of  hypoxia,  hypocapnia,  hy¬ 
peroxia,  and  hypercapnia. 

4.  Changes  in  refraction  in  presbyopic  andnor- 

mal  eyes  as  a  function  of  hypoxia,  hypocap¬ 
nia,  hyperoxia,  and  hypercapnia. 

5.  Accommodation  and  hypoxia,  hypocapnia,  hyper¬ 

oxia,  and  hypercapnia. 

6.  Pupil  size  and  hypoxia,  hypocapnia,  hyper¬ 

oxia,  and  hypercapnia. 

7.  Pupil  changes  associated  with  anterior 

chamber  shallowing. 

8.  Retinal  disparity  as  a  function  of  hypocap¬ 

nia,  hypoxia,  hyperoxia,  and  hypercapnia. 

9.  Lateral  phoria  at  far  and  near  as  a  function 

of  hypoxia,  hypocapnia,  hyperoxia,  and 
hypercapnia. 

10.  AC/A  ratio  changes  with  hypoxia,  hypocapnia, 
hyperoxia,  and  hypercapnia. 


However,  measurement  of  the  shifts  in  location  of  the  lens  as  a 
result  of  greater  pressures  on  one  side  of  the  lens  than  the  other 
may  be  the  key  to  understanding  and  predicting  most  of  the  ocular 
changes  in  the  above  list.  If  these  changed  dioptric  conditions 
during  hypoxia  and  other  respiratory  conditions  were  well  under¬ 
stood,  it  should  be  possible  to  make  strong  predictions  about  the 
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refraction  changes,  phoria  changes,  retinal  disparity  changes,  AC/A 
changes ,  etc . 

The  key  role  of  refractive  state  and  pupil  size  on  vision  make 
the  identification  of  the  probable  hypoxic  changes  in  refraction 
and/or  the  pupil  critical  for  understanding  effects  of  hypoxia  on 
vision.  As  was  discussed  earlier,  no  area  of  research  nay  have 
provided  more  contradictory  results  than  the  research  on  the 
effects  of  hypoxia  on  the  pupil,  with  some  studies  showing  dila¬ 
tion,  some  showing  constriction,  and  some  showing  no  changes. 
Contradictory  results  also  were  found  in  research  on  hypoxia  and 
the  refractive  state  of  the  eye,  although  much  less  research  exists 
on  ocular  refraction  than  for  the  pupil.  Ohlbaum's  (1969)  well 
planned  and  carefully  conducted  research  raised  as  many  questions 
as  it  answered,  since  he  found  a  significant  increase  in  myopia  and 
a  significant  recession  of  the  near  point  in  the  same  subjects. 
Phoria  changes  with  hypoxia  are  another  area  where  there  is  a  large 
diversity  of  results,  although  increased  esophoria  and  convergence 
tone  with  hypoxia  has  been  the  dominant  finding. 

Thanks  to  the  near  reflex  of  the  pupil.,  pupil  changes  with 
hypoxia  could  be  an  indirect  result  of  hypoxic  changes  in  accom¬ 
modation  and/or  vergence.  The  anterior  chamber  shallowing  dis¬ 
cussed  by  Mapstone  (1981)  may  be  another  mechanism  for  indirect 
hypoxic  changes  in  pupil  size.  The  forward  displacement  of  the 
lens  against  the  iris  might  push  the  pupil  to  a  larger  diameter. 
Presumably,  anterior  chamber  "deepening"  also  would  exist  and  this 
reduced  lens  pressure  on  the  iris  might  constrict  the  pupil !  of 
course,  if  lens  displacements  causing  anterior  chamber  shallowing 
or  deepening  occur  during  hypoxia  this  also  would  produce  changes 
in  refraction  since  the  Ions  would  be  farther  from  the  retina 
during  shallowing  and  rioter  to  the  retina  during  deepening.  Given 
the  Mapstone  finding  of  ’spontaneous"  and  drug  induced  lens-iris 
displacement  and  anterior  chamber  shallowing,  it  is  possible  both 
refractive  changes  and  pupil  changes  during  hypoxia  are  indirect 
results  of  hypoxia-induced  changes  in  pressure  within  the  eye  that 
cause  these  lens-iris  displacements. 

Shallowing  of  the  anterior  chamber  due  to  forward  displacement 
of  the  lens/iris  system  would  be  expected  if  there  were  increased 
pressure  of  the  vitreous  against  the  lens  and/or  decreased  pressure 
of  the  aqueous  on  the  lens.  As  was  seen  in  the  chapter  on  the  IOP, 
many  contradictory  results  have  been  found  from  research  looking  at 
the  effects  of  hypoxia  on  IOP.  Some  studies  found  increased  IOP, 
some  found  decreased  IOP,  and  some  found  no  changes  in  IOP.  The 
parallels  with  the  many  contradictions  in  results  from  hypoxia- 
pupil  research  are  striking  and  if  lOP-caused  anterior  shal¬ 
lowing/deepening  influences  the  pupil,  this  may  be  no  coincidence. 
As  was  pointed  out  in  that  chapter,  increased  blood  volume  in  the 
retina  increases  the  pressure  of  the  vitreous  and  decreased  aqueous 
production  reduces  aqueous  pressure.  What  is  more,  both  increased 


retinal  blood  volume  and  decreased  aqueous  production  have  been 
identified  as  consequences  of  hypoxia.2 

The  diverse  results  in  research  on  the  effects  of  hypoxia  on 
the  IOP  nay  reflect  a  greater  contribution  of  aqueous  tension 
reduction  for  studies  showing  lower  IOP  with  hypoxia  and  a  greater 
contribution  of  blood  volume  increase*:  in  studies  showing  higher 
IOP  with  hypoxia.  A  research  method  is  needed  that  allows  simul¬ 
taneous  nonitoring  of  effects  of  hypoxia  on  retinal  blood  volume 
(or  vitreous  pressure)  and  aqueous  production  (or  aqueous  pres¬ 
sure)  .  Since  lens  shifts  and  anterior  chamber  shallowing  are 
predicted  to  result  from  these  pressure  changes  (and  may  be  the 
most  critical  pressure  changes  for  vision) ,  simultaneous  ultrasonic 
measurement  of  axial  length  of  the  eye,  lens  position  within  the 
eye,  and  anterior  chamber  depth  might  serve  this  purpose  and  these 
would  have  the  advantage  of  being  suitable  for  use  with  human 
sub  j acts . 

This  needed  research  on  the  probable  effects  of  hypoxia  on  IOP 
changes  that  cause  changes  in  ocular  structures/processes  that,  in 
turn,  cause  visual  changes,  further  is  complicated  by  the  typical 
confound  of  hypocapnia  with  hypoxia.  This  hypocapnia  results  from 
hyperventilation  which  occurs  in  many  and  probably  most  instances 
where  low  oxygen  tensions  are  breathed  (e.g.,  Frayser  et  al.,  1971; 
Livingston,  1944a;  Ernest  and  Krill,  1971).  There  are  probable 
direct  and/or  indirect  influences  of  hypocapnia  un  the  pupil, 
accommodation,  vergence  movements,  anterior  chamber  shallowing, 
which  are  opposite  in  direction  to  the  changes  on  these  systems 
produced  by  hypoxia.  Both  hypoxia  and  hypocapnia  would  be  expected 
to  influence  these  different  ocular  functions  and  structures.  du« 
to  their  well  established  effects  on  the  retinal  circulation. 3 
Opposite  effects  would  be  expected  since  hypoxia  would  tend  to 
increase  ocular  blood  volume  and  hypocapnia  would  tend  to  reduce 
ocular  blood  volume.  The  contradictory  findings  on  the  effects  of 
hypoxia  on  the  IOP  may  reflect  hypocapnic  effects  dominating 
hypoxic  effects  in  some  studies  and  hypoxic  effects  dominating 
hypocapnic  effects  in  other  studies.  This  factor  could  be  eperat 


2  The  drug  acetazolamide  also  probably  produces  increased 
pressure  in  the  back  of  the  eye  and  definitely  reduces  pressure 
in  the  front  of  the  eye  and  this  may  explain  why  this  drug  has 
produced  many  effects  on  vision  and  the  eye  that  are  similar  to 
the  effects  of  hypoxia. 

3  However,  hypocapnic  retinal  vasoconstriction  and 
reduction  of  blood  flow  and  blood  volume  were  not  as  well 
documented  in  the  literature  as  hypoxic  retinal  vasodilation 
and  increased  blood  flow  and  blood  volume. 
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ing  to  produce  contradictory  effects  in  addition  to,  or  instead  of, 
the  different  relative  contributions  of  blood  volume  changes  and 
aqueous  production  that  were  discussed  earlier. 

Since  hypoxia  and  hypocapnia  are  often  confounded  during 
exposure  to  low  oxygen  tensions,  the  failure  to  find  consistent 
increases  or  decreases  in  IOP,  refraction,  pupil  size,  etc.,  across 
studies  is  not  surprising.  As  a  starting  point,  research  on  these 
expected  hypoxic  increases  in  the  IOP  (and  the  ramifications  of 
these  IOP  increases)  should  occur  without  associated  hypocapnia  and 
research  on  expected  hypocapnic  decreases  on  IOP  (and  the  ramifica¬ 
tions  of  these  IOP  decreases)  should  occur  without  changes  from 
normal  oxygen  levels.  By  controlling  respiration  and/or  adding  co2 
to  breathing  mixtures,  it  would  be  possible  to  study  effects  of 
hypoxia  without  hypocapnia.  By  using  slightly  lower  than  normal 
oxygen  levels  in  breathing  mixtures  during  hyperventilation,  it 
would  be  possible  to  study  effects  of  hypocapnia  without  the 
elevated  oxygen  tensions  that  normally  accompany  hyperventilation 
in  air.4  Frequent  measurements  of  blood  and  alveolar  levels  of 
oxygen  and  C02  are  critical  in  this  research. 

The  determination  of  hypoxia  and  hypocapnia  effects  on  these 
diverse  ocular  structures  and  functions  will  be  no  small  task,  but 
it  appears  to  be  crucial  to  any  basic  understanding  of  the  effects 
of  hypoxia  on  vision.  It  would  appear  changes  in  ocular  pressure 
that  cause  forward  and  backward  displacement  of  the  lens  (and 
anterior  chamber  changes)  would  have  the  most  influence  on  vision 
and,  for  this  reason,  investigation  of  the  existence  and  magnitude 
of  such  hypoxic/hypocapnic  lens  displacements  should  receive 
initial  research  emphasis. 

If  this  shallowing  of  the  anterior  chamber  and  any  "deepening" 
of  the  anterior  chamber  counterpart  are  produced  by  thesa  respira¬ 
tory  conditions,  the  forward  lens  displacements  would  boost 
refraction  directly  because  of  the  greater  distance  from  the  lens 
to  the  retina  and  the  backward  lens  displacements  would  increase 
farsightedness.  Such  nonciliary  influences  on  refraction  would  be 
expected  to  alter  the  AC/A  ratio,  lateral  phorias  at  far  and  near, 
and  retinal  disparity,5  because  of  the  smaller-than-normal  or 


4  Elevated  oxygen  would  be  expected  to  have  a  vasocon¬ 
strictive  effect  of  its  own. 

5  Retinal  disparities  in  one  direction  would  be  expected 
for  stimuli  closer  than  the  fixation  rest  position  and  retinal 
disparities  in  the  opposite  direction  would  be  expected  for 
stimuli  farther  away  from  the  subject  than  his  fixation  rest 
position.  Any  change  in  retinal  disparity  with  hypoxia  would 
indicate  a  shj.ft  in  the  fixation  rest  position  and/or  the 
change  in  normal  accommodation-convergence  relationships. 
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greater— than-normal  accommodation  effort  required  to  focus  targets. 
One  research  study  already  has  shown  the  AC/ A  ratio  to  decline  with 
hypoxia  (Onlbaum,  1969) .  Phoria  research  typically  has  shown 
esophoric  shifts,  but  the  results  have  been  mixed.  However,  it 
must  be  remembered  there  typically  has  been  a  confound  of  hypoxia 
and  hypocapnia  in  these  studies. 

Since  different  effects  on  retinal  disparity,  the  AC/A  ratio, 
and  phorias  would  be  predicted  if  the  lens  moved  forward  than  if  it 
moved  backward,  it  would  be  an  efficient  research  strategy  to 
identify  the  nonciliary-mediated  hypoxic  or  hypocapnic  refraction 
changes  that  occur  with  hypoxia  and  hypocapnia  first  (perhaps 
through  ultrasound  measurement  of  changes  in  eyeball  length  and 
lens  location) ,  predict  the  effects  on  the  retinal  disparity, 
phoria,  and  the  AC/A  ratio,  and  then  collect  the  retinal  disparity, 
phoria,  and  AC/A  ratio  data  and  see  if  they  confirm  predictions. 
Inclusion  of  some  presbyopic  subjects  in  this  research  on  lens 
displacements  and  their  consequences  for  ocular  refraction  would 
appear  to  have  much  value,  since  there  would  be  no  contamination  of 
refraction  measures  by  lens  shape  changes  as  a  result  of  normal 
ocular  accommodation. 

Forward  and  backward  lens  displacements  also  could  explain  some 
pupil  changes  if  pushing  the  iris  forward  with  the  lens  dilates  the 
pupil  and  backward  lens  displacement  constricts  the  pupil. 

However,  the  reduced  stimulus  to  accommodation  resulting  from  a 
forward  displacement  of  the  lens  (increased  refraction)  itself 
would  lead  to  a  relatively  dilated  pupil  and  the  increased  stimulus 
to  accommodation  from  a  backward  displacement  of  the  lens  (reduced 
refraction)  would  lead  to  a  relatively  constricted  pupil.  If 
research  shows  that  anterior  chamber  shallowing  occurs  with  hypoxia 
(and  hypercapnia  which  also  would  increase  blood  volume)  and  if 
research  shows  anterior  chamber  deepening  occurs  with  hypocapnia 
(and  hyperoxia  which  also  would  decrease  blood  volume) ,  then 
concurrent  measurement  of  pupil  changes  could  identify  whether  the 
alterations  in  pupil  size  discussed  above  actually  occur. 

Refraction  changes  produced  by  whole  lens  displacements  would 
be  expected  to  strongly  influence  vision  when  the  refractive 
changes  prevented  accurate  focus  on  targets  and  such  refractive 
changes  probably  would  dwarf  any  effects  of  pupil  size  on  visual 
performance.  However,  if  the  target  were  within  the  new  range  of 
ocular  accommodation  and  could  be  maintained  in  sharp  focus,  pupil 
changes  associated  with  the  accommodation  or  produced  by  the  whole 
lens  displacements  of  the  iris  could  become  a  more  important  factor 
than  the  refraction  changes  on  visual  sensitivity  or  visual  acuity. 

The  "pure”  hypoxic  and  "pure”  hypocapnic  effects  on  IOP  and  the 
effects  of  the  IOP  changes  on  refraction,  the  pupil,  vergence 
movements,  anterior  chamber  depth,  etc.,  need  to  be  determined  at 
mild,  moderate,  and  severe  hypoxias  and  hypocapnias.  Following 


this,  it  would  be  critical  to  look  at  some  combined  effects  of 
hypoxia  and  hypocapnia  which  are  representative  of  the  combinations 
that  occur  in  hypoxia  when  hypocapnia  is  not  controlled.  Hypoxia 
and  hypocapnia  effects  would  be  expected  to  cancel  each  other  in  at 
least  some  combinations,  due  to  their  opposite  effects  on  retinal 
blood  volume.  Their  effects  on  aqueous  production  are  understood 
less  well,  however,  and  this  could  produce  some  surprising  findings 
on  IOP,  anterior  shallowing/deepening,  lens  displacement,  refrac¬ 
tion,  etc. 

In  summary,  a  tentative  initial  schedule  of  research  on  what 
appears  to  be  an  important  mechanism  by  which  hypoxia  influences 
vision  through  its  direct  influence  on  blood  volume  and  through 
effects  of  the  resultant  pressure  changes  on  the  lens,  iris,  and 
the  eyeball  itself.  Should  ultrasound  measurements  of  the  dimen¬ 
sions  of  the  eyeball  and  its  components  (or  other  measurement 
technology)  confirm  these  respiratory  effects  on  ocular  structures 
occur,  this  would  open  the  door  to  prediction  and  assessment  of  the 
quantitative  and  qualitative  effects  of  these  changes  on  visual 
performance. 


-Causes  of  dimming,  brightening,  and  red  veils 

The  subjective  dimming  of  the  visual  world  during  exposure  to 
low  oxygen  tensions.,  the  brightening  that  follows  a  return  to  air 
or  higher  oxygen  tensions,  and  the  entoptic  red  veils  that  accom¬ 
pany  a  return  to  air  and  oxygen  breathing  following  hypoxia  all  may 
mark  significant  ocular  or  neural  events.  One  possibility  is  large 
blood  volume  and  associated  IOP  changes  are  occurring  as  a  result 
of  the  change  in  respiratory  gasses.  The  dimming  and  brightening 
may  reflect  differences  in  the  amount  of  light  transmitted  through 
the  dilated  and  constricted  vascular  network,  respectively.  The 
red  veils  may  be  pressure  phosphenes  associated  with  mechanical 
changes  in  the  retina  because  of  large  blood  volume  and  pressure 
changes.  Research  is  needed  which  measures  at  least  ocular 
pressure,  but  which  also  might  include  measures  of  axial  length, 
lens  location,  pupil  size,  and  other  variables,  while  respiratory 
gases  are  changed  suddenly  and  while  subjects  provide  concurrent 
reports  of  these  visual  and  entoptic  phenomena.  If  these  visual 
and  entoptic  phenomena  do  indeed  mark  significant  circulatory 
changes  or  other  events,  they  can  become  important  dependent 
variables  in  subsequent  research  on  hypoxia  and  vision  and  the  eye.  * 


Response  and  decision  effects  in  CFF  research 

There  is  need  for  an  extension  to  the  critical  flicker/fusion 
frequency  domain  of  the  Ernest  and  Krill  (1971)  research  showing 
sharply  increased  scalloping  of  sensitivity  thresholds  for  ascend¬ 
ing  and  descending  trials  during  hypoxia  compared  to  during  ait- 
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breathing.  Not  only  hypoxia,  but  hypocapnia,  hyperoxia,  hyper¬ 
capnia,  and  carbon  monoxide  could  be  included  in  this  research  that 
would  accurately  establish  effects  of  the  respiratory  condition  on 
the  CFF  through  elimination  of  the  influence  of  hypoxic  changes  in 
decision  or  response  processes.  However,  this  research  also  would 
quantify  response  decays  for  different  respiratory  conditions  and 
allow  judging  of  the  amount  of  confounding  of  these  delays  (or 
speed-ups)  with  actual  respiratory  effects  as  this  confounding  has 
occurred  in  the  results  of  previous  research  that  used  all  ascend¬ 
ing  or  all  descending  trials  to  establish  the  CFF  threshold.  Rate 
of  change  in  the  flash-rate  also  could  be  varied  in  this  research 
to  identify  the  rate  that  effectively  would  eliminate  the  con¬ 
founded  response-decrement  effects. 


Respiratory  effects  on  the  resting  state  of  accommodation 

Obviously,  if  the  forward/backward  displacements  of  the  lens 
occur  as  a  result  of  hypoxia,  hypocapnia,  and  other  respiratory 
conditions,  there  would  be  a  shift  in  the  resting  position  of 
accommodation.  However,  this  would  not  preclu. 2  changes  in 
accommodation  mediated  by  changes  in  tonus  of  the  ciliary.  The 
tricky  thing  is  to  find  a  methodology  that  would  allow  separation 
of  whole  lens  displacements  and  lens  shape  changes.  If  ultrasound 
measurements  could  cope  with  small  lens  thickness  changes  as  well 
as  lens  location  changes,  both  influences  on  refraction  could  be 
measured  in  the  same  research.  Carbon  monoxide  and  smoking  effects 
also  need  to  be  examined  in  this  research  since  they  might  highly 
increase  night  and  empty-field  myopias  with  serious  consequences 
for  military  performance. 


Neglected  variables  in  research  on  hyperbaric  oxygenation 

No  studies  were  found  which  looked  at  CFF  changes  with  hyper¬ 
baric  oxygenation,  despite  the  relative  ease  with  which  such  a 
study  could  be  conducted  and  the  availability  cf  patients  who  could 
provide  the  data  as  an  incidental  task  during  their  treatment  for 
medical  problems.  Given  what  appear  to  be  basic  differences  in  the 
effects  of  respiratory  conditions  on  flicker  sensitivity  and 
absolute/differential  sensitivity,  hyperbaric  oxygenation  may 
produce  improvements  in  the  CFF,  ever,  though  it  does  not  increase 
these  other  types  of  sensitivity.  Such  a  result  could  help 
elucidate  basic  flicker  perception  mechanisms. 

No  one  appears  to  have  followed  up  the  Behnke,  Forbes,  and 
Motley  (1935)  finding  of  an  immediate  decrement  in  visual  acuity 
with  hyperbaric  oxygenation.  Several  studies  have  found  oxygen  at 
one  atmosphere  does  not  produce  decrements  in  acuity  and  the  poorly 
documented  decrement  with  hyperbaric  oxygenation  found  by  Behnke, 
Forbes,  and  Motley  may  have  been  a  spurious  result.  Study  of 
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visual  acuity  and/or  contrast  sensitivity  under  hyperbaric  oxygen¬ 
ation  would  appear  to  be  worthwhile,  especially  if  subjects  would 
be  subjected  to  the  potentially  toxic  environment  for  other  medical 
reasons  and  the  acuity  study  would  not  increase  or  modify  this 
exposure.  If  decrements  in  performance  were  found,  investigation 
of  their  bases  should  follow. 

No  studies  were  found  which  looked  at  the  effects  of  hyperbaric 
oxygenation  on  the  standing  potential  in  man  or  animals.  This 
would  appear  to  be  an  important  area  for  future  research.  It  is  , 

true  pure  oxygen  at  a  single  atmosphere  had  negligible  effects  on 
the  SP  (Drummond  and  Rebuck,  1981),  but  persistence  of  vision 
following  retinal  ischemia  also  showed  little  difference  between 
air  breathing  and  pure  oxygen  breathing  at  one  atmosphere.  On  the 
other  hand,  dramatic  increases  in  persistence  of  vision  occurred  * 

for  pressures  above  one  atmosphere.  The  Kozousek  (1967)  finding  of 
enhanced  positive  and  negative  ERG  potentials  with  hyperbaric 
oxygenation  also  may  augur  for  substantial  SP  changes  with  hyper¬ 
baric  oxygenation. 

No  studies  were  found  which  looked  at  the  effects  of  hyperbaric 
oxygenation  on  the  V2P.  Pure  oxygen  at  one  atmosphere  did  not 
produce  changes  in  the  VEP  (Smith  and  Strawbridge,  1974) ,  but,  as 
discussed  above,  hyperbaric  oxygenation  sometimes  is  qualitatively 
different  in  its  effects  than  oxygen  at  concentrations  from  21  to 
100  percent  at  sea  level. 

Although  several  studies  investigated  the  effects  of  breathing 
pure  oxygen  on  recovery  of  hypoxic  changes  in  accommodation  and 
convergence  nearpoints,  accommodation  ^nd  convergence  fatigue,  and 
phoria,  no  studies  were  found  which  looked  at  the  effects  of 
increased  oxygen  tensions  on  accommodation,  convergence,  and  phoria 
without  preceding  hypoxia.  Research  in  each  of  these  areas  would 
appear  to  have  both  theoretical  and  practical  benefits. 

No  research  was  found  that  measured  oxygen  gradients  in  the 
eyes  of  animals  under  conditions  of  hyperbaric  oxygenation.  Given 
the  huge  changes  hyperbaric  oxygenation  produced  in  persistence  of 
vision  following  pressure  ischemia  (e.g.,  Carlisle,  Lanphier,  and 
Rahn,  1964) ,  one  would  expect  oxygen  tensions  throughout  the 
vitreous  would  show  dramatic  increases  under  hyperbaric  oxygenation 
even  as  they  showed  large  increases  with  oxygen  breathing  at  one 
atmosphere  (Alder  and  Cringle,  1985) . 

Some  research  has  shown  what  appears  to  be  increased  ability  to 
make  color  discriminations  during  hyperbaric  oxygenation.  These 
may  deserve  replication  and  extension.  The  vivid  sequence  of  * 

colors  that  occur  in  viewing  an  afterimage  of  a  bright  white 
stimulus  also  might  show  variation  during  hyperbaric  oxygenation 
compared  to  normal  air.  Matching  of  entoptic  colors  generated  with 
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Bonham' e  top  with  spectral  colors  also  might  be  found  to  differ 
during  hyperbaric  oxygenation  than  during  wreathing  of  air. 


Research  on  hypocapnia,  hypercapnia,  and  carbon  monoxide 

Research  on  the  effects  of  carbon  monoxide  on  vessel  size  and 
blood  flow  was  not  found.  It  would  appear  a  comparison  of  the 
effects  on  vessel  size  and  blood  flow  of  comparable  reductions  in 
oxyhemoglobin  as  a  result  of  hypoxic  and  carbon-monoxide  hypoxia 
would  be  important.  It  is  expected  this  research  would  indicate 
the  important  role  of  hemoglobin  without  associated  oxygen  (or 
carbon  monoxide)  in  retinal  vasodilation  and  increases  of  blood 
flow  to  the  retina.  Such  differences,  if  found,  might  help  account 
for  large  differences  in  the  effects  of  the  two  types  of  hypoxia  on 
visual  performance  that  often  have  been  found. 

Effects  of  carbon  monoxide,  hypocapnia,  and  hypercapnia  on 
color  vision,  also  appear  to  have  been  neglected.  Identification 
of  any  significant  specific  color  defects  that  may  exist  for  these 
conditions  would  be  important,  since  the  information  could  be  used 
to  develop  "Ishihara"  signs  warning  of  the  dangerous  respiratory 
condition  that  could  only  be  read  during  the  presence  of  the 
defect. 


Needed  research  on  "the  effects  of  acetazolamide 

Acetazolamide  increases  cerebral  blood  flow  (Lassen  et  al., 
1907)  and  probably  increases  retinal  blood  flow.  Acetazolamide 
also  sharply  reduces  aqueous  production  and  anterior  chamber 
pressure.  As  was  discussed  earlier  in  this  chapter  and  in  previous 
chapters,  this  is  parallel  to  effects  of  hypoxia  for  retinal  blood 
flow  and,  according  to  Mercier  et  al.  (1964),  parallel  to  hypoxia 
effects  on  aqueous  production.  This  is  the  pair  of  conditions  that 
would  be  expected  to  lead  to  anterior  chamber  shallowing  (Mapstone, 
1981).  Acetazolamide  also  induces  hyperventilation  (Lassen  et  al., 
1987)  and  this  also  is  frequently  true  of  hypoxia.  Since  acetaz¬ 
olamide  may  provide  a  modei  for  hypoxic  effects,  it  is  not  surpris¬ 
ing  that  it  has  similar  effects  on  visual  and  ocular  processes  as 
hypoxia.  It  would  be  of  interest  to  know  whether  it  produces 
decrements  in  the  CFF  and  absolute  sensitivity  like  it  produced 
decrements  in  visual  field  size  (Kobrick,  1970) .  No  CFF  research 
with  acetazolamide  was  found  and  the  single  study  of  the  drugs 
effect  on  visual  sensitivity  was  poorly  controlled  (Miller,  1956) . 


Hypocapnia  and  contrast  sensitivity 

Hypocapnia  improved  absolute  sensitivity  and  sensitivity  to 
flicker  (e.g.,  Alpern  and  Hendley,  1952).  There  were  no  comparable 
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improvements  found  for  hypocapnia  in  contrast  sensitivity  or 
acuity.  If  the  hypocapnic  improvements  in  sensitivity  that  led  to 
increased  absolute  sensitivity  and  higher  CFF  somehow  were 
countered  by  dioptric  or  pupillary  changes  that  increased  target 
blur,  one  would  expect  improved  contrast  sensitivity  during 
hypocapnia  for  very  coarse  gratings  where  focus  largely  is 
irrelevant  and  decreased  sensitivity  for  fine  gratings  where  focus 
is  important.  Even  fine  acuity  might  be  improved  (above 
"normocapnia'1  levels)  during  hypocapnia  if  close  attention  were 
paid  to  refractive  state  and  targets  were  presented  at  optimal 
focus  either  through  spectacle  correction  or  through  positioning  of 
the  target  at  the  focal  plane  (perhaps  with  a  Badal  optometer) . 
Research  on  hypocapnia  and  contrast  sensitivity  is  important 
because  it  may  help  identify  the  bases  for  hypocapnic  increases  in 
absolute  and  flicker  sensitivity. 


Individual  differences  in  hypoxic  effects  on  vision 

Large  individual  differences  in  performance  were  found  in 
virtually  every  study  of  the  effects  of  hypoxia  on  human  visual 
performance  reviewed  in  this  report.  Large  individual  differences 
existed  even  when  blood  oxygen  saturations  were  equated  (Ernest  and 
Krill,  1971).  Individual  differences  in  hypocapnia  during  hypoxia 
were  somewhat  more  apt  to  predict  individual  performance  than 
individual  differences  in  blood  oxygen  saturation  (e.g.,  Wald  et 
al.,  1942).  One  thrust  of  research  on  individual  differences 
should  be  to  identify  the  bases  of  these  individual  differences. 
However,  until  a  better  understanding  exists  of  the  ocular  and 
neural  bases  for  visual  performance  changes  during  hypoxia,  no 
complete  picture  of  individual  differences  is  possible. 

Some  subjects  almost  have  been  immune  to  hypoxic  stimuli  that 
cause  large  changes  in  others.  It  is  important  to  determine 
whether  individuals  who  show  large  decrements  on  one  class  of 
visual  performance  such  as  absolute  sensitivity  also  show  large 
decrements  on  other  classes  of  visual  performance  such  as  CFF.  It 
also  would  be  important  to  determine  whether  or  not  they  also  show 
more  recession  of  the  accommodation  near  point,  more  fatigue  of 
accommodation,  and  more  slowing  of  reading  eye  movements.  Iden¬ 
tification  of  high  and  low  performers  during  hypoxia  (if  they 
exist)  would  have  important  implications  for  selecting  military 
personnel  for  work  at  altitudes. 

If  as  is  expected,  there  are  hypoxia-tolerant  individuals,  it 
is  important  to  identify  whether  other  easily-measured  variables 
are  related  to  hypoxia  tolerance,  since  these  would  assist  in 
selection  of  such  personnel.  Correlates  of  hypoxia  tolerance  such 
as  cardiovascular  fitness  particularly  would  be  important,  since 
they  probably  would  indicate  individuals  can  be  trained  to  increase 
their  hypoxia  tolerance. 


Although  it  is  expected  hypoxia-tolerant  individuals  exist  who 
do  well  on  a  wide  range  of  visual  and  oculomotor  tasks,  it  also  is 
possible  that  some  specific  visual  performances  such  as  CFF  may  not 
be  correlated  with  most  other  performances  for  individuals  with  a 
range  of  hypoxia  tolerance.  If  so,  this  information  would  be 
valuable  for  improving  our  understanding  of  the  maverick  visual 
function  and  its  changes  with  hypoxia. 

Individual  differences  were  large  for  tolerance/ susceptibility 
to  corneal  hypoxia.  Any  research  aimed  at  identifying  hypoxia- 
tolerant  individuals  and  their  cardiovascular  or  other  character¬ 
istics  or  any  research  aimed  at  identifying  means  for  increasing 
hypoxia  tolerance,  might  also  include  measures  of  corneal  swelling 
when  eyes  are  submitted  to  very  low  oxygen  tensions  for  several 
hours.  Since  there  are  advantages  of  contact  lenses  over  spec¬ 
tacles  for  aviators  in  some  situations  (Brennan  and  Girvin,  1985) , 
any  results  that  allowed  selection  of  or  training  of  hypoxia- 
tolerant  corneas  would  be  important  for  military  aviation. 


Hypoxia  and  hypocapnia  and  eye  movements  of  aviators 

The  dramatic  effects  of  hyperventilation  in  hypoxic  settings  on 
nystagmus  induced  by  angular  acceleration  found  by  Newberry, 
Johnson,  and  Smiley  (1965)  would  appear  to  have  large  implications 
for  military  aviators.  The  dynamic  visual  scenes  encountered  in 
fast  moving  miliary  aircraft  frequently  must  require  rapid  tracking 
of  stimuli  in  the  visual  field.  Increased  susceptibility  to 
nystagmus  from  angular  acceleration  of  the  aircraft  could  interfere 
with  this  target  location  and  identification.  Optokinetic 
nystagmus  would  be  induced  whenever  the  head  or  eyes  were  not  in  a 
straight-ahead  position  or  when  the  aircraft  was  turning.  The 
increased  angular  nystagmus  following  hyperventilation  may  augur 
for  increased  optokinetic  nystagmus  following  hyperventilation  and 
this  too  would  be  expected  to  interfere  with  vision  in  moving 
aircraft.  It  seems  important  to  learn  whether  or  not  pursuit  move¬ 
ments,  general  visual  search  movements,  and  optokinetic  nystagmus 
are  altered  by  low-oxygen  hypoxia,  hemic  (COHb)  hypoxia,  hyperoxia, 
and  hyperventilation  with  its  resultant  hypocapnia.  Even  though 
Newberry,  Johnson,  and  Smiley  (1965)  believed  their  increased 
angular  nystagmus  responses  were  not  induced  directly  by  hypoxia, 
but  by.  anxiety  induced  hyperventilation,  the  results  have  much 
relevance  to  military  aviation,  since  there  is  probably  no  lack  of 
combat-anxiety-prcduced  hyperventilation. 


Other  needed  research 

The  "Conclusions  and  research  needs"  sections  of  the  previous 
20  chapters  included  research  needs  that  were  not  selected  for 
inclusion  in  this  chapter.  Although,  these  were  judged  to  have 
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somewhat  less  theoretical  or  practical  importance  than  the  studies 
described,  some  of  them  actually  may  .have  much  more  relevance  when 
viewed  from  another  researcher's  perspective. 
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